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INTRODUCTION 


EW fields in medicine have expanded as rapidly during the past decade as 

has the subject of water and electrolyte metabolism. This growth was un- 
doubtedly initiated by the introduction of new analytic techniques and physiologic 
concepts which had immediate implications for clinical investigators. Among the 
most important of these developments were: the use of new quantitative methods 
for the measurement of renal hemodynamics and tubular transport processes; 
the advent of flame photometry as a rapid technique for the measurement of 
sodium and potassium in biologic fluids; the discovery of aldosterone and of 
methods for its assay; the introduction of simple and efficient osmometric devices; 
and last, but certainly not least, the discovery of the probable role of counter- 
current mechanisms and active sodium transport in the diluting and concentrating 
functions of the kidney. These and many other significant discoveries made by 
the physiology and biochemistry laboratories of many countries have acted 
as a catalyst for the tremendous ferment in this field which is rapidly reshaping 
our current understanding. 

A really comprehensive and balanced presentation of the whole subject 
of water and electrolyte metabolism within the confines of a single issue of this 
JouRNAL is obviously out of the question. I was fortunate enough, however, 
to be able to persuade a number of my colleagues to join in presenting here several 
of the most important facets of this new knowledge. The articles were chosen 
with the idea of covering at least some of the aspects particularly relevant to 
clinical medicine. Each contributor is an expert in the area he discusses and has 


made significant contributions to it. 
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Disorders of volume and tonicity of the extracellular fluid are discussed 
in the paper by Burnell, Paton, and Scribner. Current concepts of urine con- 
centration and dilution, and some of the clinical problems relating to this, are 
presented in de Wardener’s paper. Potassium, as the chief cationic constituent 
of intracellular fluid, is the subject of the review by Welt, Hollander, and Blythe. 
Calcium and magnesium, two cations which also reside mainly outside the 
extracellular space, have begun to attract increasing attention in recent years. 
Epstein reviews some of the complex relationships between calcium metabolism 
and renal function and structure, while our current knowledge of magnesium 
metabolism in man is summarized in Barker’s article. Laragh’s paper deals with 
aldosterone and its important role in the regulation of sodium and potassium 
balance in health and disease. In chronic renal disease, perhaps more than in 
any other medical disorder, it is easy to recognize the important role of dis- 
turbances of water, electrolyte, and acid-base metabolism in determining the 
natural history of disease. Current information about these aspects of renal failure 
and their importance for the clinical management of patients is discussed by 
Schwartz and Polak. Finally, Black’s paper deals in general terms with some 
of the clinical manifestations of the common disorders of water and electrolyte 
balance. 

I have made no attempt to conceal or harmonize divergent points of view 
among the contributors. This is still a young and vigorously developing field, 
which inevitably implies that there will be many differences of opinion, partic- 
ularly among the experts. Much of what is presented here will undoubtedly be 


proved to be incomplete, superficial, or downright wrong in the light of future 
research. This, too, is inevitable. We have simply tried to give a picture of some 
of the current thinking in this area of knowledge, as seen through the eyes of 


active and experienced clinical investigators. 

If this symposium succeeds in its purpose of stimulating the reader’s interest 
and in enabling him to share the enthusiasm of our authors for their respective 
subjects, we will be well satisfied. Certainly any credit should go to the con- 
tributors, who have been so generous of their time and knowledge, and to the 
Editors of this JouRNAL, who first conceived of the need for a symposium such 
as this. 

ARNOLD S. RELMAN, M.D., 
Boston, Mass. 


THE PROBLEM OF SODIUM AND WATER NEEDS OF PATIENTS 


JAMes M. Burnett, M.D., From the Department of Medicine, University 
RicHARD R. Paton, M.D., AND of Washington 
BeLpinG H. Scrisner, M.D. (Received for publication Dec. 16, 1959) 


SEATTLE, WASH. 


t Wes determination of sodium and water need is a difficult aspect of the care 
of the sick patient. This paper presents an approach based on the physi- 
ologic principles that sodium disorders are extracellular volume disorders and 


water disorders are osmolality disorders. 


PHYSIOLOGIC BASIS 


Sodium. 

Regulation of extracellular volume: The principal factor which determines 
the extracellular volume is the amount of sodium present in the body. Body 
sodium is regulated by renal excretion which responds to changes in aldosterone 
output and renal blood flow. The mechanisms for sodium regulation are sen- 
sitive to small changes in extracellular and plasma volume.' In certain disease 
states the retention mechanisms are overactive and edema is a common problem. 

Symptoms of sodium disorders: The symptoms of sodium depletion are 
primarily those of plasma hypovolemia resulting from decrease of extracellular 
volume. [Initial symptoms of anorexia, nausea, weakness, and giddiness may be 
followed by orthostatic syncope and finally circulatory collapse. 

Except for peripheral edema with its accompanying discomfort, symptoms 
of sodium excess are those of circulatory overload due to an increased plasma 
volume. Pulmonary congestion is difficult to produce in a patient with a normal 
cardiovascular system, but may follow a modest increase in plasma volume in a 
patient with heart disease. 

A pplication to therapy: Since changes in extracellular volume are primarily 
responsible for the clinical manifestations of sodium depletion or excess, it is 
logical to use this volume as the guide to sodium need. The time-honored practice 
of using the serum sodium concentration to determine the need for sodium 
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must be discarded because it bears no necessary relationship to the extracellular 
volume and, therefore, to sodium need. The serum sodium concentration, being 
a measure of body osmolality, will be discussed as a guide to water need. 

Water. 

Regulation of body osmolality: By definition, osmolality is the number of 
dissolved particles per unit of water. The electrolytes of the body contribute 
the largest number of particles, the most important being sodium and chloride 
outside of cells and potassium and phosphate within cells. Because of the free 
movement of water, intracellular and extracellular osmolalities are believed to 
be equal.?-> Therefore, the term ‘‘body osmolality” is permissible. 


Theoretically, body osmolality could be regulated by altering either the 
amount of water or the amount of solute in the body. However, normal physiologic 
control of osmolality is accomplished primarily by regulation of water—thirst 
regulating intake and antidiuretic hormone regulating renal output.® 

Hypo-osmolality indicates an increase in cell water relative to cell solute; 
hyperosmolality indicates a decrease in cell water relative to cell solute. These 
disturbances in body osmolality reflect disturbances in cell volume.’ In con- 
sidering disturbances of cell volume it is important to realize that normal cell 
volume is not a fixed value but a relative value that is defined by the osmotic 
activity of cell solute. Thus, in wasting disease, the muscle cell water decreases 
as solute is lost and normal hydration is maintained. 

Osmolality disorders are frequently encountered in disease states. Hyper- 
osmolality develops when water intake is inadequate to meet obligate water 
losses.*:° Hypo-osmolality develops because the kidney cannot excrete the free 
water load imposed by ingestion and metabolism.'!° The mechanisms involved 
in this retention of water are poorly understood. One explanation has implicated 
excessive antidiuretic hormone (ADH)." However, antidiuresis may follow re- 
duction in glomerular filtration rate in the absence of ADH.” Regardless of 
mechanisms involved, hypo-osmolality always signifies renal inability to excrete 
solute-free water in amounts necessary to correct the osmolality disturbance. 

Symptoms of water disorders: Symptoms of osmolality disorders are mainly 
those of cerebral dysfunction, and either hyper- or hypo-osmolality may cause 
confusion, agitation, depression, and finally coma. Rate of change is important in 
producing symptoms; rapid lowering of osmolality may cause convulsions.'*:§ 

Application to therapy: Since body osmolality is normally regulated by al- 
tering total body water and this regulation is often defective in seriously ill 
patients, it is logical to use body osmolality (serum sodium concentration) as the 
guide to the water needs of patients. 


TERMINOLOGY 


The term ‘dehydration’? as commonly used causes confusion because it does 
not distinguish between disorders of sodium balance and disorders of water 
balance. The following terminology avoids this confusion by describing the 
disorder and implying requisite therapy. 
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Disturbances of sodium balance are termed ‘‘saline excess’’ and ‘‘saline 
depletion” to emphasize that they are disturbances of extracellular volume.* 
“Extracellular fluid excess and depletion”’ would be better terms, but are cumber- 
some. The term “‘saline’’ is used in this paper to mean isotonic sodium solution. 

Disturbances of water balance are defined as disturbances of osmolality. 
A low osmolality (decreased serum sodium concentration) is termed ‘‘water 
excess’’—the cells are overhydrated. An increased osmolality (increased serum 
sodium concentration) is termed ‘“‘water depletion’’—the cells are underhydrated. 
It must be clearly understood that disorders of water balance depend only on the 
relative amounts of water and solute present and not on the absolute amount 
of water. For example, the patient with edema (saline excess) has an increase in 
total body water; but, since the retained sodium and water are isotonic, there 
is no disorder of water balance. 


MAINTENANCE THERAPY 


Maintenance therapy utilizes that amount of saline and solute-free water 
needed to maintain the status quo; this is estimated by making appropriate 
allowances for urine, insensible, and gastrointestinal losses.'® In subsequent 
sections treatment of disorders refers only to corrective therapy, which involves 
addition to or subtraction from the maintenance therapeutic quantity. 


DISTURBANCES OF SALINE BALANCE 


Using the extracellular volume as the guide to sodium needf simplifies the 
therapeutic approach but emphasizes the difficulties inherent in the estimation 
of that volume. Fortunately, modest variations in extracellular volume are not 
harmful to most patients. Combined use of the history, the physical examination, 
and the record of hematocrit, serum protein, and urine chloride permits detection 
of significant changes in extracellular volume. 


Saline Excess——An increase above normal in the extracellular volume is 
defined as saline excess. A history of cardiac insufficiency, cirrhosis, or protein 
depletion usually delineates those patients who are likely to develop saline 
excess. The sole and often late physical finding is edema. The increase in extra- 
cellular volume which must occur before edema is apparent depends mainly on 
tissue elasticity and posture. A patient in a chair can have ankle edema with 
very little increase in extracellular volume, while a supine patient can have an 
increase in extracellular volume of 4 to 8 L. without clinically detectable edema. 


*We formerly used the terms ‘‘sodium excess’’ and ‘‘sodium depletion”’ until our students in despair 
pointed out the need for terms that imply a volume disorder. 

+The anionic composition of isotonic sodium solution would be dictated by the patient's acid-base 
balance. 

tThe extracellular volume varies independently of sodium need when there is marked water excess 
or depletion. These water-induced changes in the extracellular volume can be ignored because the 
osmolality disorder will endanger life before symptoms of the extracellular volume disorder become 
important. In severe water disorders the effect on extracellular volume can, if desired, be estimated 
from the per cent change in osmolality. 
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In addition to treatment of the underlying cause of saline excess, whether 
it be heart failure, hypoproteinemia, or some other problem, sodium restriction 
and diuretics are often indicated. In the majority of instances treatment will 


allevi he saline excess. 


factors may lead to a sequestration of extracellular fluid into an isolated 
area, as may occur with thrombophlebitis, a burn, or intestinal ileus. Such an 
accumulation of extracellular fluid has been termed a ‘‘third space.’’!” It is 
important that such a local accumulation of extracellular fluid not be mistaken 


for generalized saline excess and treated as such, because the result will be a 
decrease in the functional extracellular volume and plasma hypovolemia. 

Saline Depletion.—Any patient with a decrease in extracellular volume has, 
by definition, saline depletion. In virtually all patients there is a history of loss 
of sodium-containing fluid via the gastrointestinal tract or skin. Rare exceptions 
are the conditions in which there is renal wastage of sodium such as adrenal 
insufficiency, salt-losing nephritis, and overuse of diuretics. Symptoms of saline 
depletion include weakness, nausea, and vomiting. The physical signs include 
loss of skin turgor, shrunken tongue, postural hypotension, collapse of neck 
veins, and finally shock. Elevated hematocrit and plasma protein concentration 
are consistent with the diagnosis, since the plasma volume shares in the loss of ex- 
tracellular volume. Marked decreases in plasma volume impair renal function. 
In saline depletion the serum sodium concentration 1s normal. If the serum sodium 
concentration is abnormal, there is a coexisting water disorder (see combined 
disorders). 

While urine chloride below 20 mEq. per liter is present in many patients 
without saline depletion, a diagnosis of saline depletion should not be made in 
the absence of this finding. Rare exceptions are adrenal insufficiency and salt- 
losing nephritis. Occasionally with hyperchloremic acidosis or large potassium 
chloride loads, chloride excretion may be normal despite saline depletion, and 
in such cases the urine sodium is a better guide. In all other instances, a urine 
chloride less than 20 mEq. per liter is requisite to the diagnosis of saline depletion, 
and urine chloride above 50 mEq. per liter is strong evidence against saline 
depletion. 

Chloride balance, because it can be interpreted to measure changes in the 
extracellular volume and because it can be measured at the bedside, can provide 
useful information about the need for saline. Chloride balance is of value mainly 
in patients who are turning over large volumes of fluid.'® 

Treatment of saline depletion consists of giving more saline than required 
for maintenance therapy. Since the estimation of the amount of depletion is 
usually rough, full correction in a short period is inadvisable. If depletion is 
severe, the initial phase of therapy should be vigorous in order to avoid the 
complications of prolonged hypotension. 


DISTURBANCES OF WATER BALANCE 


The diagnosis and treatment of disturbances of water balance are greatly 
simplified by this approach, because water dosage is simply regulated so as to 
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maintain the serum osmolality at the desired concentration. In most instances, 
this would be represented by a serum sodium level between 130 and 145 mEq. 
per liter. Regardless of what osmolality is decided upon in a particular case, 
however, it becomes the only necessary guide to water need.* 

Measurement of Body Osmolality.—-Since osmolality disorders do not produce 
reliable signs or symptoms, accurate laboratory measurement of body osmolality 
is essential. Plasma osmolality is a measure of body osmolality because osmotic 
equality exists between the various fluid compartments. 

Plasma osmolality may be determined by measuring chemical composition 
or freezing-point depression. Measurement of chemical composition provides 
a reasonably accurate reflection of osmotic activity. The use of resin to measure 
total cation is a simple and accurate method.'* Most widely used is the serum 
sodium concentration. Total cation and serum sodium concentration are valid 
measures of osmolality, provided the effects of hyperglycemia and hyperlipemia 
are considered. The osmotic contribution of glucose may be quite large. For 
purposes of estimation of water need, the serum sodium concentration should be 
increased by 2 mEq. per liter for each 100 mg. per cent elevation in the blood 
sugar.!? Severe hyperlipemia will cause a falsely low serum sodium concentration 
because of the space-occupying effect of the fat.*° For example, 1 ml. of hyper- 
lipemic serum may contain 10 per cent fat by volume. This would lower a true 
serum sodium concentration of 135 mEq. per liter to a reported level of 10 per 
cent lower, 121 mEq. per liter. 

Although freezing-point depression is a very accurate measure of osmolality, 
it is not available in most clinical laboratories. In addition, it seems likely that 
osmolality measured by this method would have to be corrected for abnormal 
accumulations of urea, because urea does not effect water distribution. Urea 
is unique among the major osmotically active substances of the body in that 
it is distributed uniformly throughout the total body water; therefore, it does 
not produce osmotic gradients across cell membranes.'° 

Water Depletion.—Water depletion is defined as an increase in osmolality 
and infers a decrease in cell water. Usually, only small changes in osmolality 
result in classic manifestations of water depletion. Thus, patients with thirst, 
oliguria, and a high urine specific gravity often have a normal serum sodium 
concentration. 

More severe water depletion, with the serum sodium concentration rising 
above 145 mEq. per liter, usually develops only in a patient with a disorder of 
consciousness or inability to respond to thirst. Diabetes insipidus, osmotic diuresis, 
fever, and sweating are contributing causes. Physical signs are usually absent. 
The hematocrit does not increase in water depletion because there is a proportion- 
ate loss of fluid from red cells and plasma.*!'” The only criterion needed for the 
diagnosis is an elevated serum sodium concentration. 

Treatment of water depletion consists of administering more water than 
is required to maintain status quo. Unless osmolality is very high, vigorous 


*It should be clearly understood that water need refers to solute-free water. Dextrose solutions 
are considered to be free water because the dextrose is metabolized. 
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treatment should be avoided because it may cause convulsions.'*:'’ Even modest 
changes in osmolality toward normal result in symptomatic improvement. 


Water Excess.—Water excess is defined as a decrease in osmolality and infers 
an increase in cell water. There is always a defect in the renal handling of water.* 
This absolute or relative oliguria may be secondary to a major operation, saline 
depletion, acute renal failure, or severe cardiac failure, or may be a complication 
of many severe illnesses. Signs and symptoms of hypo-osmolality are often absent, 
but when present they indicate diffuse cerebral dysfunction. Beginning with 
mental confusion, these progress in severity to muscle twitching, vomiting, 
delirium, and finally convulsions, coma, and death. Severity of symptoms depends 
as much on the rate of lowering of osmolality as on the absolute level. Treat- 
ment by means of simple water restriction will increase osmolality and is adequate 
therapy in most cases. To avoid the dangers of circulatory overload and saline 
excess, administration of hypertonic sodium solutions in treatment of hypo- 
osmolality should be reserved for the emergency treatment of severe water 
intoxication. 

The extent to which body osmolality should be raised by treatment is not 
clear. Usually a serum sodium level above 130 mEq. per liter seems a reasonable 
goal. When water is restricted, however, some patients will develop thirst and 
oliguria while they are still hyponatremic, thus appearing to regulate water 
balance in order to maintain hypo-osmolality.!®:**4 In such patients it is not 
clear which is worse, hypo-osmolality or thirst and oliguria. Usually, there is 
no nitrogen retention, and there is little evidence that the oliguria is harmful. 


COMBINED DISORDERS 


Just as there are four simple disorders, there are four combined disorders: 
saline depletion with water depletion, saline depletion with water excess, saline 
excess with water excess, and saline excess with water depletion. Use of this 
terminology clearly describes each disorder and implies the correct therapy. 
Table I outlines the essential features of representative cases of saline and 
water disorders. 

Saline Depletion With Water Depletion—A patient who is losing gastro- 
intestinal fluids develops saline depletion. If he has no water replacement, the 
serum sodium concentration rises because obligate renal and insensible water 
losses continue. The patient develops the combined disorder, saline depletion 
with water depletion (Case 5, Table I). 

Saline Depletion With Water Excess ——The saline depletion usually results 
from gastrointestinal fluid losses. Since these fluids are either hypotonic or isotonic, 
their loss cannot alone cause water excess (hyponatremia). Saline depletion causes 
antidiuresis, but water must be ingested before hyponatremia can develop. 
It is improper to attribute the hyponatremia to the sodium disorder, because 
the cellular water excess will go unrecognized (Case 6). It is proper to raise the 


*A possible exception is the patient who appears to regulate water normally but at a lower osmo- 
lality.?° 
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question of saline depletion in any patient with hyponatremia, but the diagnosis 
depends on establishing that the extracellular volume is decreased. 

Treatment of this combined disorder is implied by the diagnosis; saline is 
given, but electrolyte-free water is restricted. Hypertonic sodium solutions are 
usually not necessary because normal saline is hypertonic with respect to the 
patient and because treatment of the saline depletion will restore renal ability 
to excrete the excess water. 

Most cases of hyponatremia are not due to saline depletion. There are, 
however, some patients with hyponatremia in whom it is impossible to exclude 
saline depletion. If there is doubt, therapy should consist of water restriction 
and small amounts of saline. 

Saline Excess and Water Depietion.—-If the patient with saline excess (edema) 
loses access to water, he may develop water depletion with hypernatremia and 
decreased cell volume (Case 7). Paradoxically, the total body water may be in- 
creased despite cell water depletion because the volume of edema fluid can exceed 
the magnitude of water depletion. 

Saline Excess and Water Excess.—As diseases causing edema become more 
severe, increasing antidiuresis develops and administration of water superimposes 
hyponatremia. This combined disorder is simply an indication of the intensity 
of the forces causing sodium and water retention. This condition has been called 
the “low-salt syndrome,’ a confusing term since salt is contraindicated. The 


proper treatment is water restriction and usually saline restriction. Unless the 


underlying disease process can be improved, however, the prognosis is poor. 
In the cardiac patient with edema and hyponatremia, vigorous treatment of 
saline excess may itself improve cardiac function by decreasing the hypervolemia.”° 
The improved cardiac function restores renal ability to excrete water. On the 
other hand, in patients with severe hypoproteinemia or ‘‘third space’’ edema, 
vigorous removal of saline will intensify hypovolemia and antidiuresis and lead 
to vascular collapse. Here, treatment of the hypoproteinemia or the cause of 
the third space problem is the only effective therapy. 


COMMENT 


The approach outlined in this paper emphasizes the fundamental difference 
between disorders of sodium balance and disorders of water balance.*!:?6-?8 
It is physiologically sound to classify sodium disorders as disorders of extracel- 
lular volume and water disorders as osmolality disorders. This classification permits 
the use of terms which describe the disorders and imply the requisite therapy. 
Also, this approach eliminates the need for classifications of hyponatremia and 
focuses attention on the need to define more clearly the mechanisms which prevent 
excretion of sufficient solute-free water. 

Defining sodium disorders as extracellular volume disorders can be critized 
because disturbances of water balance do, in fact, change the extracellular 
volume and yet are not classified as saline disorders. This objection is of little 
practical importance because only severe water disorders cause significant al- 
terations in extracellular volume. Furthermore, measurement of osmolality allows 
estimation of such water-induced changes in extracellular volume. 
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Many investigators have recognized that hypernatremia represents water 
depletion. In contrast, hyponatremia has usually been considered to represent 
disordered sodium metabolism and hypertonic salt solution has been the re- 
commended therapy. Recently, Wynn’ and Berliner*® and others!° have empha- 
sized that hyponatremia is a disorder of water balance and advocated water 
restriction. We further emphasize this point and reiterate the concept that 
hypo-osmolality always means relative or absolute oliguria and increased cell 


water. 
Regulation of water dosage so that the serum sodium concentration is 


between 130 and 145 mEq. per liter is arbitrary. However, regulation in this 
range provides assurance that water disorders are not contributing to the pa- 
tient’s illness and affords maximum protection against water imbalances. 


SUMMARY 


An approach to the determination of sodium and water needs of patients 
has been developed on the principles that disorders of sodium balance are pri- 
marily extracellular volume disorders and that disorders of water balance are 
primarily osmolality disorders. The physiology of regulation and symptomatology 
support this view. A classification of disorders which implies therapy is presented, 
and the diagnosis and treatment of the various disorders are discussed. 
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POLYURIA 
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OLYURIA can be defined as a persistent increase in urine flow. This account 
briefly reviews the present state of knowledge and conjecture concerning 
the physiology of normal urine concentration, and then discusses the various 


causes of polyuria. 


PHYSIOLOGY OF NORMAL URINE CONCENTRATION 


It is now common knowledge that when there is antidiuretic hormone 
(ADH) in the blood the urine becomes concentrated, whereas in its absence 
the urine becomes dilute.! But it is uncertain how ADH influences the kidney 
to excrete a hypertonic urine. It has been established? that in the rat the fluid 
in the proximal tubule is always isotonic and that in the first part of the distal 
tubule it is always hypotonic, whatever the concentration of the urine, i.e., 
whether the amount of ADH in the circulation is high or low. It has also been 
found that when the urine is hypertonic the fluid in the second part of the distal 
tubule is isotonic, but that when the urine is hypotonic the fluid in the second 
part of the distal tubule is more hypotonic than in the first part (Fig. 1). These 
findings are in accord with others which show that the interstitial space in the 
medulla is hypertonic at all times,’ for if the fluid in the first part of the distal 
tubule is always hypotonic, relatively more sodium chloride than water must 
at all times be reabsorbed from at least the distal end of the loop of Henle (the 
thick segment of the ascending limb), and it is logical that the interstitial space 
surrounding this part of the loop of Henle must be hypertonic. (In addition it 
is very likely that the hypertonicity of the interstitial fluid is increased and main- 
tained by the peculiar hairpin flow of the tubular fluid and blood in the loops of 
Henle? and the vasa recta.*) 

As a result of these observations, and by analogy with the known action 
of ADH on frogs’ skin,’ it has been proposed that ADH causes the kidney to 
excrete a hypertonic urine by increasing the permeability of the second part of 
the distal tubule and the collecting tubule.? In this way the fluid contained 
within these parts of the tubule comes into osmotic equilibrium with the inter- 
stitial fluid outside; the fluid in the second part of the distal tubule becomes 
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isotonic and that within the collecting tubule hypertonic (Fig. 2). Conversely, 
in the absence of ADH the permeability of the distal and collecting tubules 
decreases, and there is little or no passage of water from the lumen of the tubule 
to the hypertonic interstitial space. Instead, the initially hypotonic fluid in the 
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Fig. 1 Distal tubular fluid/plasma (TF/P) and ureteral urine/plasma (U/P) osmolarity ratios 
in rats excreting hypertonic (@) and hypotonic (X) urine. The site of micropuncture into the tubule is 
illustrated as a percentage of the total length of the distal convoluted tubule (Wirz, 1956). 


first part of the distal tubule becomes increasingly hypotonic as more sodium 
chloride is reabsorbed along the distal and collecting tubule (Fig. 3). 

If this hypothesis is correct, it is probable that the fall in urine concentration 
and increase in urine flow of an osmotic diuresis occur in the following way. By 
definition, an osmotic diuresis is an increase in urine flow due to an increase in 
solute excretion. It is evident, however, from what has been explained that 
the solutes which pass through the distal tubule must be accompanied by a 
volume of water sufficient to keep them either isotonic or hypotonic, 1.e., an os- 
motic diuresis is associated with an increased flow of fluid through the distal tubule 
and collecting tubule. In the presence of ADH this augmented quantity of fluid 
will lose some of its water and become concentrated as it passes down the col- 
lecting tubule. But the water that is lost from the tubular fluid passes into the 
hypertonic interstitial space which surrounds the tubule, and it is reasonable 
to suppose that if the volume of water so transferred is large the interstitial 
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fluid becomes less hypertonic. In that case, even if the tubular fluid passing down 
the collecting tubule achieves osmotic equilibrium with the interstitial fluid, 
the concentration of the urine will be lower than when smaller amounts of water 
are being reabsorbed from smaller quantities of tubular fluid. In addition, it is 
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Fig. 2.—Diagram of a nephron during the excretion of hypertonic urine (see text). Thick lines 
indicate sites where it is probable that the tubule wall is always relatively impermeable, and the lattice 
lines where, in the presence of antidiuretic hormone, it becomes permeable. 

Fig. 3.—Diagram of a nephron during the excretion of hypotonic urine. Thick lines indicate relative 
impermeability of the tubule wall. It is probable that most of the ascending limb of Henle and the 
first part of the distal tubule are always impermeable whereas the wall of the second part of the distal 
and the whole of the collecting tubule only become impermeable in the presence of antidiuretic hormone. 
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probable that in some instances there is an increased rate of flow of tubular fluid 
through the loops of Henle which decreases the concentrating action of their 
hairpin countercurrent and reduces the initial hypertonicity of the interstitial 


space below normal. 


CAUSES OF POLYURIA 


The kidney influences the rate of urine flow by modifying urine concentra- 
tion. It follows that polyuria is due to an abnormality of one or more of those 
mechanisms which are concerned with urine concentration. Theoretically the 
following disturbances are possible: (A) lack of circulating ADH or (B) inability 
of the kidney to concentrate the urine although ADH is present, because of 
(1) impaired ability of the tubule to respond to ADH, (2) a fault in the mecha- 
nism concerned with producing a hypertonic interstitial fluid in the medulla, 
and (3) an increased solute output (i.e., an osmotic diuresis). It is sometimes 
difficult to disentangle these abnormalities in the various types of clinical polyuria 
which occur, but it is important to realize that more than one abnormality may 
be present in any one form of polyuria. This becomes obvious in the following 
classification of polyuria, in which the clinical syndromes associated with poly- 
uria are listed under the abnormal functional patterns described above. When 
the condition is due to more than one functional abnormality, it is listed in italic 
under that abnormality which is considered to be the principal cause of the 


polyuria. 


Polyuria due to diminished circulating ADH 


1. Because of an impaired ability to secrete ADH 
a. Persistent defect 
i. Lesions of the supraoptico-hypothalamus, i.e., diabetes insipidus 
b. Transient defect 
i. Compulsive water drinking 
ii. (?) Potassium deficiency 
Because of a diminished need to secrete ADH due to an increased 
intake of water due to increased thirst 
a. Compulsive water drinking 
b. Potasstum deficiency 
c. Lesion of thirst center 
d. Hypercalcemia and hypercalciuria 


B. Polyuria due to inability of the kidney to produce a concentrated urine 
in spite of adequate concentrations of circulating ADH 


1. Because of an impaired ability of the tubule “‘wall’’ to respond to ADH 
a. Congenital 
i. A single tubular lesion, i.e., nephrogenic diabetes insipidus 
ii. One of several tubular lesions, i.e., Fancont’s syndrome 
b. Acquired 
i. Hypercalcemia and hypercalciuria 
ii. Potassium deficiency 
ili. Compulsive water drinking 
iv. Diabetes insipidus 
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2. Because of a fault in the mechanism concerned with producing a hyper- 
tonic interstitial fluid in the medulla 
a. (?) Partial renal artery occlusion 
b. (?) Chronic pyelonephritis 
c. (?) Widespread gradual destruction of nephrons, i.e., most instances 
of chronic renal failure 


Because of an increased solute output per nephron (osmotic diuresis) 
a. Through a normal number of nephrons 

i. Glycosuria 

ii. Salt diuresis following relief of urinary obstruction 
b. Through a greatly reduced number of nephrons 

i. Chronic renal failure 


POLYURIA DUE TO DIMINISHED CIRCULATING ADH 


The principal diagnostic difficulty in this group is to distinguish between 
diabetes insipidus and compulsive water drinking. The distinction between the 
two conditions is discussed below. 

Potassium deficiency causes polyuria in three ways: (1) an increased thirst,® 
(2) a diminished ability to concentrate the urine in the presence of adequate 
ADH,’ and (3) possibly an impaired ability to secrete ADH.’ The main cause 
is probably the increased thirst. If the possibility is kept in mind, potassium 
deficiency is not a difficult diagnosis as a cause of polyuria. Postencephalitic 
thirst is rare and is presumably due to a lesion in the thirst center; it should be 
distinguished by a previous history of encephalitis and the presence of other 
sequelae. A tumor of the thirst center® is the least common cause of excessive 
thirst and its diagnosis is dependent on signs of a cerebral tumor including an 
abnormal ventriculogram. If such evidence is absent it may be impossible to 
distinguish this condition from compulsive water drinking. It is sometimes 
difficult to decide whether one is failing to recognize such a case, but fortunately 
these lesions are exceedingly uncommon. 

The rapidity with which the thirst of hypercalcemia in hyperparathyroidism 
diminishes following the removal of a parathyroid adenoma’? strongly suggests 
that hypercalcemia may also stimulate the thirst center, although the main 
cause of the polyuria is usually a striking diminution in the ability to concentrate 
the urine in the presence of adequate ADH (see below). As in potassium deficiency, 
the diagnosis of hypercalcemia and hypercalciuria as a cause of polyuria is not 
difficult as long as the possibility is kept in mind. 

Distinction Between Diabetes Insipidus and Compulsive Water Drinking.— 
Diabetes insipidus is defined here as a condition in which there is a persistent 
defect in the ability to secrete ADH due to an abnormality of the neurohypophy- 
sis, and compulsive water drinking as a condition in which there is an increased 
intake of fluid because of a mental abnormality. The differential diagnosis be- 
tween the two conditions is based on an assessment of the following": (1) clinical 
features, (2) response to long-acting vasopressin, (3) response to tests of neuro- 
hypophyseal integrity, and (4) plasma osmolality. 

Clinical features: The pattern of drinking and polyuria in the two conditions 
is different. In diabetes insipidus the intake of fluids is relatively constant from 
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day to day and within the day, whereas in compulsive water drinking it fluctuates 
widely and irregularly. Furthermore, in diabetes insipidus the symptoms persist 
from their onset without remission; but in compulsive water drinking it is often 
possible to elicit a history of periodic remissions and relapses each lasting several 


months or longer. 
Diabetes insipidus occurs equally in both sexes and is common before the 


age of 20, whereas compulsive water drinking occurs predominantly in meno- 
pausal women. Occasionally diabetes insipidus is accompanied by evidence of a 
structural lesion of the neurohypophysis, e.g., a suprasellar cyst or a characteristic 
visual field defect. Sometimes it is secondary to a disease which not only affects 
the neurohypophysis but which also manifests itself in some other site where 
it can more easily be diagnosed, e.g., malignart neoplasm, eosinophil granuloma, 
sarcoidosis, syphilis, and leukemia. The transient diabetes insipidus which follows 
a head injury is not a difficult diagnostic problem. 

Patients who drink water compulsively have often had previous admission 
to many different hospitals both for mental disturbances and for a wide variety 
of organic illnesses. A past history of hysterical episodes is a frequent finding, 
although it is usual for the patient to try to withhold this side of his history. 
There may have been paralyses, aphonia, pyrexia artefacta, and stocking an- 
esthesia; delusional hypochondriasis and depression are also common. In many 
cases the mental abnormality is so gross that a diagnosis of compulsive water 
drinking is fairly evident from the beginning. In others, mental abnormalities 
may be difficult to find. Sometimes a superficially normal patient may be caught 
pouring jugs of water into the bed pan. Occasionally there is a history of previous 
sudden changes in weight which suggests past attacks of compulsive eating. 
Finally, it is a striking feature of some compulsive water drinkers that they do 
not complain of the thirst and polyuria, however disturbing, but instead come 
to their doctor complaining of headache, dizziness, and lassitude. 

Response to long-acting vasopressin: If a patient with diabetes insipidus is 
given an injection of 5 units of Pitressin tannate in oil, the urine flow soon slows 
and thirst ceases within a few hours. The patient is relieved and grateful, and he 
feels better. On the other hand, if a patient who drinks water compulsively is 
given the same injection, the immediate results are somewhat different. Again 
the urine flow slows, but the thirst and high water intake are unchanged. In 
a few hours the patient may feel distended, nauseated, and torpid. In some 
instances there is no doubt that the patient now feels worse than before the 
injection. Occasionally, it may be necessary to restrain the patient’s intake of 
water; Fig. 4 shows what happened to a severely compulsive water drinker whose 
intake of water was unrestrained. 

Response to tests of neurohypophyseal integrity: These tests are performed on 
the assumption, which is generally correct, that in diabetes insipidus there is an 
abnormality of neurohypophyseal function whereas in compulsive water drinking 
the function of the neurohypophysis is normal. 

Neurohypophyseal integrity is tested by stimulating the neurohypophysis 
to secrete ADH into the blood by one or more of the following maneuvers: 
(1) raising the plasma osmolality and contracting the extracellular volume by 
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fluid deprivation, (2) raising the plasma osmolality with intravenous hypertonic 
saline, or (3) a direct pharmacologic stimulus, e.g., mtcotine. 

It is not possible to measure the concentration of ADH in the blood directly; 
therefore the only way to assess whether these tests have indeed caused a rise 
in the concentration of circulating ADH is to observe the changes in urine 
concentration or urine flow which take place during the test. It follows that, 
before it is possible to interpret what these changes indicate, it is imperative 
to know what changes in urine concentration or flow occur when a known amount 
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Fig. 4.—The effect of vasopressin tannate in oil (PIT) on a compulsive water drinker. Urine flow 
decreased, but the patient continued to drink large volumes of water; in 7 hours she gained 3.5 Kg. 
in weight and the plasma osmolality fell from 272 to 232 mOsm./Kg. Initially the urine was hypotonic 
(hatched area), and it then became hypertonic. At the peak of the gain of weight after 7 hours the urine 
became hypotonic, and its volume increased; the patient vomited, became incontinent, developed a 
hysterical fugue, and stopped drinking. A few hours later the urine became hypertonic once more and 
remained so for the next 2 days, so that the plasma osmolality continued to fall although the weight 
returned toward normal. On the third day, 1 L. of 3 per cent saline given intravenously raised the 
plasma osmolality from 218 to 275 mOsm./Kg. and induced a brisk diuresis of hypotonic urine (Barlow 
and de Wardener, 1959). 


of vasopressin is administered parenterally. It cannot be assumed that the ability 
of either patients with diabetes insipidus or compulsive water drinkers to con- 
centrate urine in response to a rise in circulating ADH is normal. For instance, 
it has been shown that patients who drink water compulsively may have a gross 
impairment in the ability to concentrate urine when given vasopressin,!'*” and a 
similar impairment is occasionally seen, though to a less marked extent, in pa- 
tients with diabetes insipidus.'’ The mechanism responsible for this change is 
not known. De Wardener and Herxheimer" have shown that a similar phenomenon 
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may be induced in normal subjects by drinking 10 L. of water a day for 10 days, 
and Epstein, Kleeman, and Hendrikx'! demonstrated a less marked effect when 
smaller amounts of water were drunk for less time. At the end of 10 days there 
was a substantial rise in the extracellular fluid volume. It has been suggested 
that the renal ‘“‘resistance’’ to vasopressin was related to this expansion and that 
possibly a comparable phenomenon is responsible for the renal ‘‘resistance”’ 
of some compulsive water drinkers. Recently Linke and Dowlatabadi™ have 
found that the extracellular fluid volume in compulsive water drinking 7s in- 
creased. More surprisingly, they also found that it may also be increased in some 
patients with diabetes insipidus a few days after ceasing treatment with Pitressin. 
How changes in the extracellular volume can influence the ability of the kidneys 
to concentrate the urine in response to the presence of ADH is not known. 

The ability of the kidney to concentrate the urine is best assessed by measur- 
ing the urine concentration after the administration of a saturating dose of vaso- 
pressin. This can be given either as a large continuous infusion of aqueous vaso- 
pressin (e.g., 5 mU. per minute) for an hour while collecting urine via a catheter 
placed in the bladder or after giving 5 units of vasopressin tannate in oil and 
collecting the urine after it has been passed naturally. If vasopressin tannate 
is used, the complicating effects of overhydration on urine concentration can be 
avoided by weighing the patient frequently after the injection and making sure 
that the weight remains unchanged. The highest urine concentration obtained 
is noted, and on a subsequent day a test of neurohypophyseal integrity is per- 
formed. 

Fluid Deprivation.—This is probably the best test of neurohypophyseal 


integrity as long as the period of fluid deprivation is carefully supervised and 
severe dehydration avoided. Fluid deprivation is begun in the early morning, 
each urine volume is measured, and the patient is weighed at frequent intervals, 
sometimes every hour. Fluid deprivation is continued either until 3 to 5 per cent 
of the body weight has been lost or for 24 hours, whichever is the sooner. The 
concentration of the urine passed at the end of this period is then compared with 
that obtained after the injection of vasopressin, and the result of the test is 


interpreted in the following way. 

The basis of this interpretation rests on the fact that in normal subjects 
the urine concentration following fluid deprivation is greater than after the ad- 
ministration of a saturating dose of vasopressin.'® It is assumed therefore that 
if a patient with polyuria can obtain a higher urine concentration with fluid 
deprivation than with vasopressin, the ability to secrete ADH is normal, how- 
ever Jow the urine concentration may be. If, however, the urine concentration 
with fluid deprivation is Jess than after vasopressin, the ability to secrete ADH 
is below normal, however high the urine concentration may be. 

Barlow and de Wardener! have shown that, if a fluid deprivation and 
vasopressin test are interpreted in this way, a clear distinction between diabetes 
insipidus and compulsive water drinking can usually be made. Nevertheless they 
found that, in two of their patients who were compulsive water drinkers, the 
concentration of the urine after vasopressin was greater than after fluid depriva- 
tion. They concluded that compulsive water drinking may occasionally be associ- 


Noes 3 POLYURIA 207 
ated with a transient inhibition of neurohypophyseal function. In such cases com- 
pulsive water drinking may be very difficult to distinguish from diabetes in- 
sipidus. Fig. 5 illustrates the ability of a compulsive water drinker to inhibit 
secretion of ADH. This patient was being treated with continuous narcosis and 
restricted fluid intake. The urine concentration and plasma osmolality rose 
as weight decreased. On the fourth day the dose of barbiturate was not sufficient 
to keep her deeply asleep, but the patient ‘‘played possum”’ and for a few hours 
her partial wakefulness was not noticed; during this time she continued to lose 
weight but the urine voiume suddenly increased and the urine became hypotonic. 
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Fig. 5.—Compulsive water drinker. Days 1 to 13: Urine concentration of all specimens excreted 
before and during a period of continuous narcosis. Plasma osmolality is given in brackets. Days 19 to 
22 urine concentration of total 24-hour urine collections: Before and after the period of narcosis, water 
intake was according to the patient’s inclinations, but during narcosis the amount given was gradually 
reduced. On the ninth day the patient was insufficiently sedated and excreted hypotonic urine (see text). 


Hypertonic Saline.—This test is performed by infusing 2.5 per cent saline 
at a rate of 0.25 ml./Kg. per minute an hour after the ingestion of water (20 
ml./Kg.).!7 If neurohypophyseal function is normal, the urine flow suddenly 
falls during the infusion. This test has been found useful by many workers,'*'* but 
Barlow and de Wardener"! performed it only twice and each time there was a saline 
osmotic diuresis with little or no change in urine flow—an equivocal response 
which has been reported before.'® Another disadvantage is that the large infusion 
of saline may precipitate cardiac failure.'® 

Nicotine.—Nicotinic acid tartrate (3 to 6 mg.) is given intravenously. 
When neurohypophyseal function is normal, there should be a prompt decline 


20-22 
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in urine flow, but this is unlikely unless the patient vomits, sweats, and is violently 
dyspneic. Even if these unpleasant symptoms are produced, some normal subjects 
may have no change in urine flow.”* The test therefore appears to be both un- 


pleasant and unreliable. 

Plasma osmolality: Fig. 6 shows the plasma osmolality of patients suffering 
from diabetes insipidus and compulsive water drinking compared with that of 
normal subjects.'' The mean osmolality in diabetes insipidus (295 + 15 mOsm./ 
Kg.) is significantly higher than in the normal subjects (280 + 6 mOsm./Kg.) 
whereas in compulsive polydipsia (269 = 14 mOsm./Kg.) it is significantly lower. 
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—The plasma osmolality in compulsive water drinking, in normal subjects, and in diabetes 
insipidus (Barlow and de Wardener, 1959). 


Fig. 6. 
These findings are in keeping with the etiology of the two conditions. In pa- 
tients with diabetes insipidus the initial disturbance is polyuria and the ex- 
cessive drinking is a normal response to the contraction and concentration of 
body fluids, whereas in compulsive water drinking the initial disturbance is 
excessive drinking and the polyuria is the normal response to expansion and 
dilution of body fluids. There is a considerable overlap between the groups, 
but it appears that if the plasma osmolality of a patient with polyuria is 
greater than 290 mOsm./Kg. the diagnosis is likely to be diabetes insipidus, 
and if it is less than 275 mOsm./Kg. it is more likely to be compulsive water 


drinking. 


POLYURIA DUE TO INABILITY OF THE KIDNEYS TO CONCENTRATE THE URINE IN SPITE 
OF ADEQUATE CONCENTRATIONS OF CIRCULATING ADH 


The three abnormalities of function which may prevent ADH from con- 
centrating the urine are (1) an impaired ability of the tubule ‘‘wall’’ to respond 
to ADH, (2) an inadequacy of the mechanism in the medulla which is responsible 
for producing a hypertonic medullary interstitial fluid, and (3) an increased 
solute excretion. These subdivisions are somewhat arbitrary and so is the al- 
location into them of those conditions associated with an inability to excrete 
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concentrated urine in spite of the presence of ADH. But until more data are 
available this classification is a useful basis. 

Impaired A bility of the Tubule ‘‘Wall” to Respond to ADH.—This abnormality 
may be either congenital or acquired. 

Congenital: The congenital lesion is sometimes single (nephrogenic diabetes 
insipidus) or it may be one of several functional tubular defects (Fanconi’s 
syndrome).”4 

Nephrogenic Diabetes Insipidus.—This is a familial sex-linked condition 
which occurs in males, but investigation of entire families has shown that there are 
heterozygote female carriers in whom there is a mild impairment in ability to 
concentrate urine.”> It is characteristic of this condition that the osmolality of 
the urine remains well below that of plasma after either the administration of 
Pitressin tannate in oil or a reasonable period of fluid deprivation (see above); 
often the urine osmolality in both circumstances is almost identical. If the period 
of fluid deprivation is so long that more than 5 per cent of the body weight is 
lost and the patient becomes ill and feverish, the urine specific gravity may 
rise to around 1,020. The mechanism responsible for such a remarkable increase 
when the kidney is unable to respond to large quantities of ADH is obscure. 
It is probable that it is in part due to (1) the peculiar phenomenon which aug- 
ments the effect of vasopressin in normal dehydrated subjects!* and (2) the 
inevitable fall in glomerular filtration rate which must accompany the dehy- 
dration.?®?7 Whatever the cause, such a rise may seriously confuse the diagno- 
sis, for if an infant is first seen with a high urine concentration the correct diagno- 


sis is likely to be missed. Treatment consists of giving sufficient quantities of 
water to reduce the plasma osmolality to normal. In some instances the polyuria 


can be mitigated by giving a low electrolyte diet. Recently Crawford and Ken- 
nedy?* have discovered that the polyuria and increased water intake can also 
be substantially reduced by the administration of chlorothiazide. There is no 
convincing explanation for this most interesting and paradoxical finding. 
Fanconi’s Syndrome.—When nephrogenic diabetes insipidus is associated 
with other tubular defects as in Fanconi’s syndrome, the onset is usually later than 
when it is the only lesion, and the patient’s general condition is usually over- 
shadowed by the symptoms of other associated disturbances, e.g., rickets. 
Occasionally in Fanconi’s syndrome the inability to concentrate the urine and 
the polyuria are not due to a congenital inability to respond to ADH, but in- 
stead to an acquired potassium deficiency due to a urinary potassium leak.’ 
It is of the utmost therapeutic importance that this distinction should be made. 
Acquired: The acquired conditions which may impair the ability of the 
tubule to respond to ADH include hypercalcemia and hypercalciuria, potassium 
deficiency, compulsive water drinking, and diabetes insipidus. Hypercalcemia and 
hypercalciuria occasionally cause such a severe impairment that the urine re- 
mains hypotonic even when vasopressin is given intravenously.'® Some patients 
may drink and excrete such large amounts of water that, at first, a diagnosis 
of diabetes insipidus may be made, especially when there are no calculi or there 
is no radiologic evidence of renal calcification.?® In man the impaired ability 
to respond to ADH promptly improves after the serum calcium returns to normal, 
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but a biopsy obtained at this time may show that calcium is still present in the 
kidney both as large clumps and as a diffuse dusting in the base of the cells 
and the basement membrane of the distal tubules and collecting ducts. Similarly 
Sanderson*® has shown that in rats fed large amounts of calcium and given 
calciferol, the impairment in ability to concentrate the urine recovers when they 
are placed on a normal diet before there is any fall in the chemically measured 
calcium content of the kidneys. It is probable, therefore, that the inability to 
concentrate urine normally with hypercalcemia and hypercalciuria is due to the 
effect of increased amounts of ionized calcium in transit through the tubule 
cells and not to the calcium which is precipitated within them. Eventually, how- 
ever, if the condition persists, the continuing deposition of calcium destroys 
the renal parenchyma, and inability to concentrate urine may be due in part to 
chronic renal failure (see below) when it is irreversible. In hyperparathyroidism 
it is possible that the impaired ability to concentrate the urine is not only due to 
the hypercalcemia and hypercalciuria, but also to the increased concentrations of 


circulating parathormone.*! 
The polyuria of potassium deficiency has been discussed earlier. The initial 


impairment in the ability to concentrate urine is associated with minor struc- 
tural changes in the collecting tubules.* Both the functional and the structural 
lesions are reversible for some considerable time after their onset. The impaired 
ability of the kidney to concentrate the urine in compulsive water drinking and 


diabetes insipidus has been discussed. 

Inadequacy of Those Mechanisms in the Medulla Which Are Responsible 
for Producing a Hypertonic Medullary Interstitial Fluid.—In the present state 
of knowledge there are at least three ways in which medullary hypertonicity 
may be inadequate. (1) The thick ascending limb of the loops of Henle may 
fail to transfer sodium chloride from the tubule fluid to the interstitial space. 
(2) The transfer of sodium chloride may be adequate, but the ascending limb 
and the first part of the distal tubule may be unable to maintain the necessary 
osmotic potential, so that more water than normal follows the sodium chloride 
into the interstitial space. (3) The tubules may be normal but the flow of blood 
through the vasa recta is increased, either absolutely or relatively. 

All these possibilities are purely speculative and the inclusion of several 
clinical forms of polyuria in this section is due more to difficulty in placing them 
elsewhere than to any conclusive evidence that this is their proper place. The 
increase in urine flow which accompanies the occlusion of a branch of the renal 
artery in an animal was first noted in the last century by Rose Bradford, while 
the polyuria which follows partial thrombosis of the renal artery in man is a more 
recent observation.*-** The mechanism is obscure but a redistribution of blood 
so that an increased amount flows through the medulla is a possibility. In chronic 
pyelonephritis the medulla tends to be more damaged than the cortex and it 
is possible that this is why the ability to concentrate urine is often severely im- 
paired at a time when the glomerular filtration rate is only moderately reduced.*® 
In chronic renal failure (where there has been an evenly distributed and gradual 
destruction of nephrons, as in chronic glomerular nephritis), the inability to 
concentrate the urine is due to an osmotic diuresis (see below); the increased 
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ability to excrete free water,*” however, may be due to a relative increase in the 
amount of blood flowing through the medulla because of a relatively greater 
destruction of nephrons than vascular channels. 

Osmotic Diuresis—When the quantity of solutes excreted by each nephron 
is persistently greater than normal, there is an impaired ability to excrete a 
concentrated urine and there may be polyuria. If such an osmotic diuresis occurs 
in kidneys with a normal number of nephrons, the total excretion of solutes is 
greater than normal. This is the form of osmotic diuresis which causes polyuria 
in diabetes mellitus and following the relief of a urinary obstruction.** In the 
former there is glycosuria due to hyperglycemia; in the latter there is an increased 
excretion of sodium chloride, but the reason for this is not known. 


The most common form of osmotic diuresis, however, occurs in chronic 
renal failure. On the whole patients with chronic renal failure continue to eat 
more or less normally and therefore continue to excrete normal quantities of 
solutes, but, as there are fewer nephrons, each nephron must inevitably excrete 
a greater quantity of solutes than normal. It is this osmotic diuresis per nephron 
which is mainly responsible for the impaired ability to concentrate and dilute the 
urine in chronic renal failure. Experimental observations*®’:®9 of the maximal 
ability to reabsorb water and to excrete osmotically ‘‘free water’’ in chronic renal 
failure show that if the calculations are adjusted to a standard rate of glomerular 
filtration rate, the results obtained are almost the same as in normal kidneys. 
The only consistent difference is that the diseased kidneys are able to excrete 


” 


slightly greater quantities of osmotically ‘free water. 


It must be pointed out that, although the ability to concentrate urine is 
impaired in chronic renal failure, polyuria is uncommon. Although the deficiency 
of nephrons causes the impairment in concentrating capacity, it also follows that 
there are fewer nephrons capable of excreting anything. In chronic renal failure 
the most frequent disturbance of urine flow is nocturia, but it is unusual for the 
24-hour volume of urine to exceed 2 L. 


REFERENCES 


1. Verney, E. B.: Absorption and Excretion of Water. The Antidiuretic Hormone, Lancet 
2:739 and 781, 1946. 

2. Wirz, H.: The Location of Antidiuretic Action in the Mammalian Kidney, im Colston 
Papers, London, 1956, Butterworth & Co., Ltd., Vol. 8. p. 157. 

Ullrich, K. J., and Jarausch, K. H.: Untersuchungen zum Problem der Harnkonzentrierung 
und Harnverdunnung. Uber die Verteilung von Elektrolyten (Na, K, Ca, Mg, Cl, 
anorganischem Phosphat), Harnstoff, Aminosauren und exegenem Keratinin in Rinde 
und Mark der Hundeneire bei Verschieden. Diurezustanden, Pfliigers Arch. ges. 
Physiol. 262:537, 1956. 

Berliner, R. W., Levinsky, N. G., Davidson, D. G., and Eden, M.: Dilution and Concentra- 
tion of the Urine and the Action of the Antidiuretic Hormone, Am. J. Med. 24:730, 
1958. 

Ussing, H. H.: Membrane Structure as Revealed by Permeability Studies, in Recent De- 
velopments in Cell Physiology, Proceedings of the 7th Colston Research Society 
Symposium, London, 1954, Butterworth & Co., Ltd. 

Fourman, P., and Leeson, P. M.: Thirst and Polyuria. (With a Note on the Effects of Potas- 
sium Deficiency and Calcium Excess), Lancet 1:268, 1959. 

Stanbury, S. W.: Some Aspects of Disordered Renal Tubular Function, Adv. Int. Med. 
93231, 1958. 

Kleefian, &. R., and Maxwell, M. H.: Contributory Role of Extrarenal Factors in the 
Polyuria of Potassium Depletion, New England J. Med. 260:268, 1959. 


DE WARDENER * prin bet 


Kourilsky, R., David, M., Sicard, J., and Galey, J. J.: Diabete insipide post-traumatique 
cessation subite de la soif au cours de l’ouverture d’un kyste arachnoidien de la région 
optochiasmatique guérison, Rev. neurol. 74:264, 1942. 

Cohen, S. I., Fitzgerald, M. G., Fourman, P., Griffiths, W. J., and de Wardener, H. E.: 
Polyuria in Hyperparathyroidism, Quart. J. Med. 26:423, 1957. 

Barlow, E. D., and de Wardener, H. E.: Compulsive Water Drinking, Quart. J. Med. 28:235, 
1959. 

Kleeman, C. R., Maxwell, M. H., and Witlin, S.: Functional Isosthenuria. An Isolated 
Reversible Renal Tubular Defect, A.M.A. Arch. Int. Med. 101:1023, 1958. 

de Wardener, H. E., and Herxheimer, A. W.: The Effect of a High Water Intake on the 
Kidney’s Ability to Concentrate the Urine in Man, J. Physiol. 139:42, 1957. 

Epstein, F. H., Kleeman, C. R., and Hendrikx, A.: The Influence of Bodily Hydration 
on the Renal Concentrating Process, J. Clin. Invest. 36:629, 1957. 

Linke, A., and Dowlatabadi, H.: Nirenfunktion und extracellulare Flussigheit bei Diabetes 
insipidus, Klin. Wchnschr. 36:78, 1958. 

Jones, R. V. H., and de Wardener, H. E.: Urine Concentration After Fluid Deprivation or 
Pitressin Tannate in Oil, Brit. M. J. 1:271, 1956. 

Hickey, R. C., and Hare, K.: Renal Excretion of Chloride and Water in Diabetes Insipidus, 
J. Clin. Invest. 23:768, 1944. 

Carter, A. C., and Robbins, J.: Use of Hypertonic Saline Infusions in Differential Diagnosis 
of Diabetes Insipidus and Psychogenic Polydipsia, J. Clin. Endocrinol. 7:753, 1947. 

White, A. G.: Diabetes Insipidus Associated With Edema, New England J. Med. 250:633, 
1954 

Cates, J. E., and Garrod, O.: The Effect of Nicotine on Urinary Flow in Diabetes Insipidus, 
Clin. Sc. 10:145, 1951. 

Lewis, A. A. G., and Chalmers, T. M.: A Nicotine Test for the Investigation of Diabetes 
Insipidus, Clin. Sc. 10:137, 1951. 

Dingman, J. F., Be irschke, K., and Thorn, G. W.: Studies of Neurohypophyseal Function 
in Man. Diabetes Insipidus and Psychogenic Polydipsia, Am. J. Med. 23:226, 1957. 

Bisset, G. W., and Lee, J.: Antidiuretic Activity in the Blood After Stimulation of the 
Neurohypophysis in Man, Lancet 2:715, 1958. 

Jackson, W. P. U., and Linder, G. C.: Innate Functional Defects of the Renal Tubules 
With Particular Reference to the Fanconi Syndrome. Cases With Retinitis Pigmentosa, 
Quart. J. Med. 22:133, 1953. 

Carter, C., and Simpkiss, M.: The ‘‘Carrier’’ State in Nephrogenic Diabetes Insipidus, 
Lancet 2:1069, 1956. 

del Greco, F., and de Wardener, H. E.: The Effect on Urine Osmolarity of a Transient 
Reduction in Glomerular Filtration Rate and Solute Output During Water Diuresis, 
J. Physiol. 131:307, 1956. 

Berliner, R. W., and Davidson, D. G.: Production of Hypertonic Urine in the Absence of 
Pituitary Antidiuretic Hormone, J. Clin. Invest. 36:1416, 1957. 

Crawford, J. D., and Kennedy, G. C.: Chlorothiazide in Diabetes Insipidus, Nature 183:891, 
1959. 

Snapper, I.: Rare Manifestations of Metabolic Bone Disease, Springfield, Il., 1952, Charles 
C Thomas, Publishers. 

Sanderson, P. H.: Functional Aspects of Renal Calcification in Rats, Clin. Sc. 18:67, 1959. 

Epstein, F. H., Beck, D., Carone, F. A., Levitin, H., and Manitius, A.: Changes in Renal 
Concentrating Ability Produced by Parathormone Extract, J. Clin. Invest. 38:1214, 
1959. 

Relman, A. S., and Schwartz, W. B.: The Kidney in Potassium Depletion, Am. J. Med. 
24:764, 1958. 

de Camp, P. T., and Birchell, R.: Recognition and Treatment of Renal Arterial Stenosis 
Associated With Hypertension, Surgery 43:134, 1958. 

Denning, Q. B.: Association of Polyuria and Proteinuria With Hypertension of Unilateral 
Renal Origin, A.M.A. Arch. Int. Med. 93:197, 1954. 

Margolin, E. G., Merrill, J. P., and Harrison, J. H.: Diagnosis of Hypertension Due to 
Occlusions of the Renal Artery, New England J. Med. 256:587, 1957. 

Brod, J.: Chronische Pyelo-ephritis, Berlin, 1957, Veb Verlag Volk und Gesundheit. 

Bricker, M. S., Dewey, R. R., Lubowitz, H., Stokes, J., and Kirkensgaard, T.: Observations 
on the Concentrating and Diluting Mechanisms of the Diseased Kidney, J. Clin. 
Invest. 38:516, 1959. 

Bricker, M. S., Shwayri, E. I., Reardan, J. B., Kellog, D., Merrill, J. P. and Holmes, J. H.: 
An Abnormality in Renal Function Resulting From Urinary Tract Obstruction, 
Am. J. Med. 23:554, 1957. 

Baldwin, D. S., Berman, H. J., Heinemann, H. O., and Smith, H. W.: The Elaboration of 
Osmotically Concentrated Urine in Renal Disease, J. Clin. Invest. 34:800, 1955. 


THE CONSEQUENCES OF POTASSIUM DEPLETION 


L.G. WELT, M.D., 
W. Ho.vanper, Jr., M.D.* 
AND W. B. BiytHe, M.D.** 


CHAPEL HILL, N. C. 


From the Department of Medicine, School of Medi- 
cine, University of North Carolina 


(Received for publication Dec. 16, 1959) 


OTASSIUM is the major intracellular cation and, as such, must play a 

key role in the interrelationships between cell structure and function. It 
is, therefore, not surprising that a deficit of this mineral is accompanied by 
alterations in cellular activity and anatomic integrity. These disturbances occur 
in many organs and systems; the structural lesions may be described not only 
in conventional pathologic terms but in relation to alterations in molecular 
and ionic composition as well. The functional disturbances are many and vary 
from gross muscle paralysis to subtle changes in renal tubular activity. In fact, 
potassium depletion may be manifested by: impaired neuromuscular function 
that may vary from mild weakness to frank paralysis; alterations in gastric 
secretions, intestinal dilatation, and ileus; abnormalities of the myocardium 
with disturbed electrocardiographic patterns, conduction defects, and altered 
sensitivity to digitalis; abnormal functioning of the kidneys with impaired tubular 
secretion of para-aminohippurate (PAH), alterations in acidification, an in- 
ability to concentrate the urine appropriately, occasional depression in filtration 
rate, and a probably increased susceptibility to pyelonephritis; a disturbance in 
the regulation of the volume of the extracellular compartment which must, in 
part, be mediated via the kidneys; disturbances in acid-base equilibrium which 
can be related in part to certain features of renal dysfunction, but which may 
be due in greater measure to the consequences of the cell deficit of potassium 
and the transfer of hydrogen ions from the extracellular fluid to the cell; polydipsia 
which may be independent of the renal concentrating defect; disturbances in 
carbohydrate tolerance and other alterations in intermediary metabolism; 
changes in neuromuscular irritability which presumably reflect the consequences 
of disturbances in the usual relationships between calcium, pCO», and pH; and 
no doubt many other functional derangements which are yet to be documented 


and understood. 
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PATHOGENESIS 

The pathogeneses of potassium depletion are varied and in general are 
due to inadequate intake of this ion, losses from the gastrointestinal tract, and 
excessive losses by way of the urine. Under ordinary circumstances only very 
small quantities are lost in the stool and more potassium is ingested in an average 
diet than is necessary for growth even in voung individuals. The excess is excreted 
by the kidneys into the urine and these organs play the most responsible role 
in conservation of potassium as well as in the elimination of excesses. 

Although there is some understanding of the factors which regulate the 
excretion of potassium, there are still many unanswered problems. Nevertheless, 
even an incomplete description of the mechanisms responsible for the quantity 
of this cation that gains access to the urine will be helpful in understanding 
some of the problems relating to the pathogenesis and consequences of potassium 
depletion. The rate of excretion of potassium appears to be the net result of the 
quantity that is filtered at the glomerulus less that which is reabsorbed in the 
proximal tubule, plus the amount that is secreted into the urine by the more distal 
elements of the nephron. The conclusion that a solute which is filtered is also 
secreted depends on the demonstration that a rate of excretion for that solute can 
be achieved which is in excess of the amount that was simultaneously filtered. 
This has been unequivocally demonstrated for potassium by several independent 
groups of investigators.°-"!!7° Some suggest that perhaps all of the filtered po- 
tassium is reabsorbed and all that gains access to the finally elaborated urine has, 
in fact, been secreted. 

The secretory process as it applies to potassium appears to operate through 
a mechanism referred to as ‘‘ion exchange,” in which the potassium ion is trans- 


ported across the cell membrane into the luminal fluid and some other ion of 


the same and equal charge, presumably sodium, is transported in the opposite 
direction. It is believed that this particular ion exchange probably transpires 
in the distal elements of the nephron, that it may be in part activated through 
the influence of the hormone aldosterone, and that, in a sense, potassium is in a 
competitive position with hydrogen ions in this exchange for sodium. This 
competition between potassium and hydrogen ions for exchange with sodium 
may be viewed as one which is dictated in part at least by the relative availability 
of each cation at the exchange site. There are several important features of this 
ion exchange system with respect to potassium depletion. The first of these is 
that, if the bulk of potassium excretion is dependent on an exchange with sodium, 
the quantity of potassium that is secreted will be dependent, in the first instance, 
on the quantity of sodium that is delivered to the exchange site. Among the 
factors that affect the amount of salt delivered to this more distal site are the 
filtered load and the influence of other solutes and drugs that may diminish 
the reabsorption of sodium in the more proximal segments of the nephron. 
Second, the factors which regulate the reabsorption of sodium at the exchange 
site are of critical significance in determining the rate of excretion of potassium. 
Prominent among these are secretions of the adrenal cortex, predominantly the 
mineralocorticoid, aldosterone. Third, anything that will affect the availability of 
hydrogen ions will have a reciprocal effect on the rate of excretion of potassium. 
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Thus, alkalosis will tend to augment the excretion of potassium, as will the 
administration of a carbonic anhydrase inhibitor (such as Diamox) which makes 
fewer hydrogen ions available for exchange with sodium. Anderson and Laragh? 
have presented evidence which suggests that the quantity of sodium in the 
distal tubule is not the sole factor governing the excretion of potassium. 

Although the kidneys are able to conserve potassium, their efficiency in 
this regard is considerably less than is the case with sodium. The ingestion of 
diets which contain small quantities of potassium is accompanied by the urinary 
excretion of this cation in excess of intake for as long as 8 to 20 or more days, 
depending on the absolute amount of potassium ingested and the salt intake with 
which this is associated.'*:!5.5?,%,210.243 Tn addition, some small quantity of po- 
tassium continues to be excreted in the normal stool.® Thus it is apparent why the 
simple deprivation of potassium will promote a deficit and why these losses 
may be enhanced if large loads of sodium salts are administered. 

A very common cause of potassium depletion is loss of gastrointestinal fluids. 
This can occur with vomiting, fistulous drainage, diarrhea due to small and large 
bowel disease (including neoplasms),?% and excessive use of cathartics™* and 
enemas.*??" One of the most common of these is vomiting. There are at least 
three reasons for the development of potassium depletion with vomiting, and 
an analysis of this problem serves to emphasize certain features of its patho- 
genesis. First, because of the persistent vomiting, the ingestion and retention of 
potassium-containing foods and fluids is impaired. Since renal conservation is 
initially inadequate, a negative balance of potassium supervenes immediately. 
Second, gastric and small intestinal secretions contain potassium in concentra- 
tions that reportedly vary between 5 and 20 mM. per liter and, therefore, there 
will be a loss from the body which is dependent on the volume of fluid vomited and 
the concentration of potassium in that vomitus. Last, if the vomitus is acid 
gastric fluid, metabolic alkalosis will ensue. The primary renal responses to 
this event include an augmented rate of excretion of potassium in the urine. This 
is due, presumably, to the relative unavailability of hydrogen ions at the site 
of the exchange mechanism. The point that bears emphasis is the fact that the 
intensity of the deficit of potassium is considerably in excess of the quantity 
actually lost in the vomitus, for the reasons alluded to above. 

Although not highly efficient, the kidney, when healthy, is able to respond 
to changes in potassium intake by altering the rate of excretion. In the usual 
course of events in renal disease, the problem ultimately becomes one of an in- 
ability to eliminate potassium excesses which leads to hyperkalemia and the 
dire consequences associated with it. There are, however, instances of renal disease 
in which one of the characteristics is an inability to conserve potassium ap- 
propriately and there is a potassium deficit and hypokalemia. This is seen most 
commonly in association with other renal tubular defects and, in particular, with 
an inability to acidify the urine. It may well be that the inability to provide or 
transport hydrogen ions into the urine is the basic defect, and the augmented 
potassium excretion may be a secondary consequence due to the continued 
reabsorption of sodium at the exchange site. These patients usually have metabolic 
acidosis, and evidence of glomerular insufficiency may be minor, at least in- 
itially.27:172.177 
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Although it seems clear that there are potassium-wasting renal disorders, 
each instance must be examined closely to make certain that one is not dealing 
with an example of primary aldosteronism. The potassium deficit in this disorder 
is accompanied by metabolic alkalosis and hypertension and is due to increased 
secretion of aldosterone or other adrenal cortical hormones from an adrenal 


cortical adenoma or, less commonly, hyperplasia or carcinoma of the adrenal 


cortex. *® 6 20-22 30,36 ,37 43,45 ,52,53,69,70,86, 99,124 ,130,135,143,159,171,176,183,214 ,238 Patients with hy- 
pertension found to have hypokalemia must be evaluated with this diagnosis 
in mind and the first steps include a careful balance study to demonstrate that 
the loss of potassium occurs via the urine (see the section on the kidney). If this 
is established one must then be certain to exclude other reasons for excessive uri- 
nary excretion of potassium, for example, the use of cortisone and related steroid 
compounds or other drugs such as chlorothiazide.'®™ If one can confidently elim- 
inate exogenous hormones and drugs as being responsible for potassium losses 
in the urine, one must decide between the possibility of a potassium-wasting 
renal disorder and primary aldosteronism. The presence of alkalosis rather than 
acidosis, normal levels of blood urea nitrogen, and a benign urinalysis certainly 
make a primary renal disease less likely. One must not forget, however (as will 
be discussed in detail in the section on the kidney), that potassium depletion 
itself leads to nephropathy and this may well complicate the clinical picture. 
Other examinations such as estimates of the 24-hour urinary excretion of aldo- 
sterone, radiologic examinations, and even exploration may be necessary in order 
to resolve the problem. 

The manner in which chlorothiazide causes an increased excretion of po- 
tassium is not clear.'® It is possible that it promotes the delivery of more sodium 
to the exchange sites by virtue of interfering with sodium reabsorption at a more 
proximal level in the nephron. In addition, although not potent, this agent is a 
carbonic anhydrase inhibitor and may diminish the availability of hydrogen 
ions just enough to favor the secretion of potassium at the exchange site. It may 
have some other independent effect that has not as yet been elucidated. In any 
event, since this agent is now commonly used in the management of hypertension, 
an increased number of patients will be seen in whom the differential diagnosis 
between primary aldosteronism and a complication of chlorothiazide therapy 
must be made. 


COMPOSITIONAL CHANGES 


Potassium deficiency is accompanied by compositional changes in many, 
but not all, tissues and fluids. These changes are concerned not only with the 
specific concentrations of potassium itself, but with alterations in concentration 
of other ions, both mineral and organic, some related and others unrelated to 
disturbances in acid-base equilibrium, with changes in enzyme activities and 
concentrations, and with disturbances in composition related to alterations in 
protein and carbohydrate metabolism. 


*Henceforth the term primary aldosteronism will refer to all such cases. 
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It is important to make clear what is meant by a deficit or depletion of 
potassium. Scribner and Burnell? emphasize the concept of potassium ‘‘capacity.”’ 
Potassium is stored in cells in relation to protein and glycogen, and the quantity 
of these two is the major determinant of the potassium “‘capacity.’’ Thus, al- 
though potassium may be lost from the body in absolute terms, there is no 
cell deficit in terms of concentration if equivalent quantities of protein or glycogen 
are likewise dissipated. On the other hand, if the ‘‘capacity”’ is suddenly increased 
by feeding protein without potassium to an animal who is deficient in both,'47:1%7 
there is a prompt development of chemical evidence of potassium deficiency in 
terms of tissue and serum analyses. The same situation is exemplified by the 
administration of potent anabolic androgens”?54 in situations characterized 
by protein depletion. For our purposes, then, the term potassium deficit or deple- 
tion will be used to imply a loss of potassium in excess of capacity, and in these 
terms the quantity of potassium per unit of dry tissue solids will be depressed 
when there is potassium depletion. 

Serum.—A depressed concentration of potassium in serum is reflective of a 
body deficit of this ion except in those situations where there is a sudden shift 
of potassium from the extracellular compartment to cells, such as in familial 
periodic paralysis, the administration of glucose and insulin, and, occasionally, 
the exhibition of androgens. The level of potassium in serum is not a good predictor 
of the intensity of the deficit, however, except in a very general way, and, in 
fact, normal levels of potassium in serum may coexist with significant cell deple- 
tion.?°*.26° Scribner and Burnell?* claim that a deficit of 100 to 200 mEq. of po- 
tassium is required to reduce the serum level by 1 mEq. per liter when the initial 
serum concentration is greater than 3 mEq. per liter, and that when the depletion 
is severe enough to have reduced the serum level to less than 3 mEq. per liter an 
additional deficit of 200 to 400 mEq. is required to reduce the concentration 
in serum by 1 mEq. per liter. Huth, Squires, and Elkinton' claim that a level 
of serum potassium of 3 mEq. per liter implies a deficit of 300 to 400 mEq. 

Thus, although there is a gross relationship between a loss of potassium and 
its level in serum, the correlation is poor whether the intensity of the deficit 
is estimated by analysis of muscle tissue”*?® or by determination of the total 
exchangeable potassium utilizing isotopic potassium.*? Schwartz, Cohen, and 
Wallace”! have examined the electrolyte changes in the whole body, muscle, 
red cells, and plasma of the rat and found that when there was a 23 per cent 
decrease in whole-body potassium, there was a 71 per cent decrease in plasma 
potassium. 

The factors that are responsible for the large concentration gradients of 
potassium between the cellular and the extracellular water will not be discussed 
here. Whatever these forces may be, however, it is clear that a primary loss of 
potassium from the extracellular fluid is accompanied by partial replacement 
from intracellular depots. This has been appreciated in a clinical sense for some 
time, but has been demonstrated experimentally in a more quantitative fashion 
using the technique of extracorporeal hemodialysis. *??"! 

Burnell and his colleagues”** emphasize the variety of factors other than 
the absolute magnitude of total body deficit of potassium that may affect the 
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serum concentration of potassium, including the influence of the pH of the ex- 
tracellular fluids.**:*4 There is evidence (which will be discussed later) concerning 
reciprocal transfers of hydrogen ions and potassium between the extracellular 
and cellular fluids when acidosis or alkalosis supervenes. Burnell and his associates 
have examined this in relation to its effect on the specific level of the concentra- 
tion of potassium in serum. They claim that at any given level of total body po- 


tassium, there is an inverse relation between the pH and the serum concentration 
of potassium such that for every rise or fall of 0.1 pH unit, there is, on the average, 
a fall or rise of 0.63 mM. of potassium per liter of serum. Welt and co-workers?® 
examined the relationship between serum potassium and the intensity of po- 


tassium depletion in the rat. The experimental design was such as to produce 
a wide range of potassium depletion accompanied either by metabolic acidosis 
or alkalosis or by no significant acid-base disturbance. The relationship between 
serum and muscle potassium was examined individually for each of these three 
groups and it was found that the three regression lines were not significantly 
different with respect to slopes or intercepts. 

The composition of the serum is altered in other ways when there is a deficit 
of potassium and is frequently, but not invariably, characterized by a depressed 
concentration of chloride, an increase in total COC, content and in pH, and a 
modest rise in the pCO». These alterations will receive more detailed attention 
in the section dealing with acid-base equilibrium. 

Muscle Composition and Acid-Base Equilibrium.—The compositional changes 
of muscle tissue in potassium depletion have received great attention. Since 
muscle tissue represents the largest single tissue mass in the body, its changes are 
highly significant as a reflection of the alterations in total body composition 
and of the altered interrelationships that may exist between the cellular and 
extracellular phases of the body fluids. 

Data from tissue analyses are most usefully expressed per unit of fat-free 
dry solids (FF DS). In these terms the total water of potassium-depleted muscle 
is essentially constant, intracellular water may remain the same or diminish, 
and the extracellular phase tends to expand.*950.58.108,123,127,149,186,236 Regardless 
of the manner in which a deficit of potassium is induced, the concentration of 
this cation per unit of FFDS is decreased unless there has been simultaneously 
lost a quantity of dry solids (primarily protein) with which potassium is so in- 
timately associated. This relationship is clearly revealed in the studies in which 
animals are made deficient in both potassium and protein, since in these circum- 
tances the serum as well as the muscle electrolyte concentrations are nor- 
mal.!47.187.188 When such doubly deficient animals are then repleted with protein, 
however, there is a dramatic reduction in muscle potassium concentration. 

Another observation which almost invariably accompanies muscle potassium 
depletion is an increase in the content of sodium. Part of this increased quantity 
of sodium is in an expanded extracellular phase, but part of it appears to reside 
within the cells as a replacement for the lost potassium. On occasion this re- 
placement of sodium for potassium has been on a one for one basis, but most often 
the sum of the concentrations of sodium and potassium in potassium-depleted 
cells reveals a cation ‘‘deficit’? when compared with control muscle data. The 
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relationship between the loss of muscle potassium and its replacement with 
sodium has received considerable attention, and the ratio of the gain in sodium 
to the loss of potassium varies considerably but has frequently been found to be 
approximately 0.6 to 0.7.39:48,50,58,127,149,181,185,187,188,236 ‘This increase in sodium in 
the cells in potassium deficiency is readily exchangeable,'® for it has been noted 
that within 60 minutes the distribution of Na** between plasma and muscle is 
in the same proportion as total sodium. The rate of accumulation of sodium in 
cells with potassium depletion varies with time. For example, the initial loss of 
potassium exceeds the gain in sodium; later, the rate of loss of potassium dimi- 
nishes and the rate of accumulation of sodium is increased.'* Some studies sug- 
gest that the reverse takes place during the phase of repletion. Conway and 
Hingerty*® reported a delay in the extrusion of sodium, but their data are expressed 
in a fashion which makes it impossible to tell whether the retained sodium was in 
cells or in the extracellular phase. However, in other studies**!® a similar lag 
has been observed. In still another investigation,” the potassium concentration 
had increased by 40.9 mM. and the sodium concentration had decreased by 40.6 
mM. per kilogram of intracellular water in 5 hours. In an investigation of the 
restoration of muscle potassium following nephrectomy and repletion from endo- 
geneous potassium released by catabolic activity, there were ratios of sodium 
lost to potassium gained of 1.6, 1.2, and 0.87 at 12, 36, and 60 hours, respec- 
tively.?®* These data certainly imply no lag in the extrusion of sodium from cells 
when potassium deficits are restored. 

The identity of the cations which are unaccounted for by sodium and po- 
tassium has received considerable attention. One group'®* reported increase in 
calcium and magnesium. Other reports do not confirm this.°°.?3! Several groups 
have demonstrated an increased quantity of lysine and arginine in muscle cells 
in rats,73-76.147 but not in dogs.'4® Even if these basic amino acids are included, 
however, a deficit remains. It has been suggested that the other cation is hydrogen 
ion.*®57 An elaboration of this hypothesis is that the replacement of cell potassium 
with hydrogen ions from the extracellular fluid is responsible for the alkalosis 
in this latter compartment. In this context, the extracellular alkalosis is not 
thought to be due primarily to alterations in renal function, although, as discussed 
in the section on the kidney, aberrant renal function plays a necessary role in 
its development. In support of this contention is the report*® that repletion with 
potassium is accompanied by an increased excretion of hydrogen ions at the same 
time that the extracellular alkalosis is corrected. In addition, there are the 
observations of Orloff, Kennedy, and Berliner!® that the administration of 
potassium chloride to potassium-depleted, nephrectomized rats promotes a 
restoration of the extracellular alkalosis to normal. A similar observation was 
noted™4 when a movement of potassium into cells was accelerated with testo- 
sterone in a patient with Cushing’s syndrome. Finally, there are data reported 
by Gardner, MacLachlan, and Berman! which purport to demonstrate that 
there is an intracellular acidosis. These investigators partitioned the CO» be- 
tween the extracellular and cellular phase and, using certain assumptions,”*’ 
calculated that the intracellular pH changed from 6.98 to 6.48 in potassium- 
depleted rats. 
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in support of this general hypothesis concerning the origins of the extracel- 
lular alkalosis is the excellent correlation between depletion of muscle potassium 
and increase in the total CO» content of plasma.®:!*5.236 In contrast, there are 
significant deviations from these good correlations and it may well be that the 
excellence of the correlation depends a good deal on the manner of induction of 
the potassium depletion. The best correlations are noted when a low potassium 
intake is combined with sodium loads in which the chloride content is low. In 
these circumstances significant alkalosis develops in dogs as well as rats.'49:!78.189 
Others have found the same level of bicarbonate in plasma with variations in 
the degree of potassium depletion from 9 to 33 per cent.*® In another study, a 
reduction in muscle potassium of more than 15 per cent was associated with no 
increase in bicarbonate.'*! In this investigation the intake of sodium was markedly 
limited. Furthermore, although a low intake of chloride favors the development 
of alkalosis, the associated hypochloremia need not be due to a negative balance 
of chloride.'*!:3! One group did, however, report excessive losses of chloride in 
stools of potassium-depleted rats,!°? which is reminiscent of the patients with 
congenital alkalosis and diarrhea.5®!°7 

Other features of the composition of muscle raise some doubts about the 
validity of the hypothesis that the transfer of hydrogen ions from the extra- 
cellular to the intracellular fluid is responsible for the alkalosis. For example, 
when the doubly deficient animals are repleted with protein, sodium enters 
cells, there is a cation ‘‘deficit’’ in the cells, but there is no alkalosis.'47:187/15° 
In one report of the relationship between intracellular composition and extra- 
cellular alkalosis in the dog,'*® it was pointed out that when the ratio of the gain 
in sodium to the loss of potassium was low (0.3 to 0.24) there was no alkalosis 
and when the ratio was higher (0.82 to 0.75) there was an extracellular alkalosis. 
If the cation deficit is composed of hydrogen ions, there should have been alkalosis 
with the former rather than the latter. 

Most recently Eckel, Botschner, and Wood,” in a study similar to that 
of Gardner, MacLachlan, and Berman,'®* calculated no significant change in the 
intracellular pH of muscle of potassium-deficient animals. The reasons for the 
different results in these two studies are not obvious. It is possible, however, 
that the level of the pCO» of the plasma in the study of Gardner, MacLachlan, 
and Berman was higher than it should have been, owing to an acute retention of 
CO, related to the depth of anesthesia. If this datum were not representative of 
the chronic level of pCO» in these animals, the calculation of the intracellular 
pH would be reflective of the effect of acutely superimposed respiratory acidosis. 
By the same token, in one of the series of Eckels, Botschner, and Wood the pCO» 
in the normal and potassium-deficient animals were the same and both were low. 
This may represent the influence of anesthesia that was too light, which allowed 
acute hyperventilation due to the stimulation of the experimental procedure 
involved in obtaining specimens. In one series, however, although the pCO» 
levels were a little low, they were higher in the potassium-deficient animals; 
yet the calculated intracellular pH was only 0.08 units lower than the normal. 
Since the crux of this problem is more concerned with the question of whether 
the pH of the intracellular and extracellular fluids actually change in opposite 
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directions rather than with the absolute amount of this change, even this small 
difference may, nevertheless, be highly significant. 

The authors are unable to formulate a unifying concept to explain all of the 
data. It seems clear that potassium depletion is commonly but not invariably 
accompanied by extracellular alkalosis. The conditions which favor the develop- 
ment of an alkalosis include the availability of sodium in the diet, especially 
if this is in excess of chloride (i.e., an alkaline-ash diet). The addition of desoxy- 
corticosterone acetate to promote the retention of sodium accelerates the induction 
of the alkalosis, presumably due to an increased excretion of potassium and/or 
an increase in the excretion of hydrogen ions. The alkalosis need not be associated 
with a negative balance of chloride. Severe metabolic alkalosis can be induced if 
sodium bicarbonate is administered in the presence of potassium depletion; and 
this complication should be kept in mind when renal acidosis is corrected.** 

The extracellular alkalosis of potassium depletion is not corrected with 
sodium chloride, but it is with potassium salts. Repletion with potassium may 
be more efficient if KCl rather than KHCO; is administered.** The question of 
whether there is an intracellular acidosis is still unsettled, and new data, preferably 
with independent techniques, must be obtained to resolve this dilemma. 

In addition to the influence of potassium depletion on acid-base inter- 
relationships, there are interesting data concerned with the participation of 
potassium in exchanges across cell membranes in response to primary alterations 
in pH of the extracellular fluid. The induction of acidosis promotes the accession 
of potassium to the extracellular phase presumably from cells?*:24:1!1,154,201,249 
and, perhaps, from bone.":'® Respiratory or metabolic alkalosis is accompanied 


by a depression of the concentration of potassium in serum but not necessarily 


with a change in the total quantity of potassium in the extracellular compart- 
4,201 


ment.!0.15 
Myocardium.—The majority of the reports on the potassium content of 
heart muscle of depleted animals implies that this tissue shares the depletion, 
but to a lesser extent than skeletal muscle.%:!?5.'46'74.1% One group”® reports 
only negligible changes in myocardial potassium content and still another?® 
that there was no change at all. The difference in the responses of the two tissues 
is illustrated in the following data'*: whereas skeletal muscle potassium fell 
from 37.8 to 26.5 mM., myocardial potassium changed from 41.1 to 37.6 mM. 
per 100 Gm. of fat-free dry solids. One factor that might tend to mask or minimize 
a change would be the relatively large quantity of blood that remains in myo- 
cardial tissue compared with skeletal muscle. On the other hand, the different 
response may well be related to one or more qualities of myocardial tissue which 
distinguish it from skeletal muscle. It is interesting to note in this regard that 
the smooth muscle of the virgin rat uterus also shares the deficit of potassium to a 
lesser extent than skeletal muscle.?® Whereas skeletal muscle potassium changed 
from 46.3 to 26.6 mM., the uterus muscle changed from 41.0 to 33.3 mM. per 
100 Gm. of fat-free dry solids. Perhaps nonstriated muscle has some quality 
which permits the cells to retain their stores of potassium more efficiently. 
Liver —The potassium content of the liver appears to be quite stable, and 
many investigators have reported no change despite significant total body 
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deficits. ©: ®:127.174.187 Only one group?®’ claimed a 30 per cent decrease in liver 
potassium when desoxycorticosterone was administered to rats, but no actual 
data are presented in that report. In a study of the free amino acid patterns of 
tissues during potassium depletion, Iacobellis, Muntwyler, and Dodgen"™’ report 
in addition that, unlike skeletal muscle and kidney, the liver does not share the 
alterations in the amino acid content that accompanies potassium depletion. 

These data do not exclude the fact that potassium does enter many inter- 
actions between liver tissue and its environment. For example, Darrow and 
Engel®® found significant reductions in liver potassium associated with an increase 
in sodium and chloride when animals were subjected to hemorrhagic shock. 
Joyner and colleagues? and Hickam, Wilson, and Frayser'*! found an increase 
in hepatic vein potassium in dogs and men with hyperventilation and respiratory 
alkalosis. 

The lack of a change in potassium content of the liver when a significant 
deficit of body potassium has been induced could represent the consequence 
of losses of organic material along with the potassium, so that an absolute deficit 
is not reflected when an aliquot of tissue is examined. One argument against this 
suggestion, however, is the observation of Dodgen and Muntwyler® that the liver 
glycogen of potassium-deficient animals is actually increased. This question 
could be resolved by analysis of the entire liver potassium and nitrogen content 
in control and potassium-depleted animals. 

Erythrocyte—Since mammalian erythrocytes (except for those of the cat 
and dog and certain sheep) resemble other cells in that they contain high con- 
centrations of potassium and low levels of sodium, it might be expected that 
their composition would reflect the changes of potassium depletion in a fashion 
similar to those of other cells. This they do in a general sense, but there are signif- 
icant differences and conflicting data. For example, the concentration of potassium 
in red-cell water appears not to change significantly despite significant deficits as 
demonstrated by balance techniques in humans** or muscle analyses in rats.?°° 
In contrast, Hegnauer!”® found reductions in the concentration of potassium in 
red-cell water in rats. Many observers have reported a decrease in potassium 
when this is expressed per liter of red cells or per unit of red-cell solids, '44:1%*,281.260 
yet this was not confirmed by Schwartz and Relman.**4 These conflicts in data 
may be related, in part, to the degree of depletion, since Schwartz, Cohen, and 
Wallace”! have pointed out that the erythrocyte sustains the smallest loss when 
compared with total body, muscle, or plasma deficits of potassium. There is a 
better correlation between muscle potassium and the concentration of potassium 
per unit of red-cell solids than with potassium expressed per liter of red cells.?®° 

Kennedy, Winkley, and Dunning’® claim an increase concentration of 
sodium in potassium-depleted red cells in 1 patient. Hove and Herndon make 
this same claim in potassium-depleted rabbits. However, although the means 
of the concentrations of sodium in red cells were different in the control and po- 
tassium-depleted animals, there was considerable overlap among the data. 

Thus, neither the serum nor the erythrocyte level of potassium can be 
satisfactorily correlated with the body deficit of this ion. It has been found in 
rats, however, that if the plasma level of potassium and its concentration per 
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liter of red cells is used along with the plasma CO: content, a regression equation 
of some significance can be developed with respect to prediction of the muscle 
content of potassium.?® This equation ts: 
Muscle potassium (mM. per 100 Gm. of fat-free dry solids) 
= 8.14+ 3.15 K, — 0.38 COs, + 0.29 Krec* 

Brain.—There are few and conflicting data concerning the alterations in 
composition of brain tissue in potassium depletion. Ziegler, Anderson, and 
McQuarrie*® found a diminished quantity of brain potassium, and Hoagland 
and Stone'**® found no change despite muscle potassium depletion. Obviously 
more data are needed in this area. 

Kidney.—See the following section on the kidneys. 


EFFECTS ON THE KIDNEY 

As is well summarized in several recent reviews,*:!75.215.244,245 potassium deple- 
tion can cause both functional and structural derangements of the kidney. This 
has been appreciated clinically only during the past decade, although renal 
damage has been recognized in experimental animals since 1937.7°° The functional 
as well as the structural changes are primarily tubular. They may be wholly or 
almost wholly reversible,!!?:!%:196.175,213,234,258 but this is variable.?7:'.2% The 
structural lesions may cause increased susceptibility to chronic pyelonephritis 
which, if confirmed, would be one of the most serious of all the consequences of 
potassium depletion.’°'75.!5%.266 The manner in which potassium deficiency causes 
its adverse renal effects is wholly unknown, although presumably here as else- 


where in the body it is by interfering with vital intracellular processes which are 
directly or indirectly dependent on a particular concentration of potassium for 


optimal operation. 
Kidney Composition in Potassium Depletion.—It is generally assumed that 


the kidneys (and specifically the renal tubular epithelium) share in whole-body 
potassium deficits. The available data support this contention, but with certain 
reservations: (1) the decrease in potassium concentration of renal tissue is usually 
less than half the simultaneous depression of muscle potassium concentra- 
tion!®:1#?.187.12- (2) the differences in potassium concentration of tubular urine 
alone will account for some probably small difference in total kidney potassium 
concentration, and in one study in which kidneys were obtained during the peak 
of a water diuresis in order to minimize this problem, the renal potassium con- 
centration of potassium-depleted and control rats was almost identical?®; and 
(3) two other studies, one in rats*® and one in dogs,'** have shown no reduction 
of kidney potassium content (mEq. per unit of fat-free solids) despite muscle 
potassium concentrations approximately 35 per cent below controls. It is also 
noteworthy that, even when a modest decrease in renal potassium has been found, 
there have been no reciprocal increases in renal sodium concentration.!°-187 

As with muscle tissue (discussed previously) the potassium-depleted kidneys 
of the rat appear to contain increased amounts of the amino acids lysine and 
arginine,'4”7 but also as with muscle, this is not so for the dog.'*® 


*K, and CO», represent concentrations of potassium and carbon dioxide in plasma; Krac repre- 
sents concentration of potassium per liter of red cells. 
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The kidneys in experimental potassium depletion are enlarged. It is generally 
agreed that solids and water are both increased, either without change in their 
relative proportions®®: "5. or with a slightly greater proportional increase in 
water content.'® 1° Fat appears to remain a constant percentage of total kidney 
weight.'®:? In one study, the ratio of desoxyribonucleic acid—phosphorus to fat- 
free dry solids was the same as that of pair-fed controls, suggesting that true 
hyperplasia causes the renal enlargement.” 

Renal Structural Changes in Experimental Potassium Depletion. — There 
are many studies demonstrating a pathologic renal condition in potassium- 
depleted rats®!:®8.9,97,158,175,182,191,194,196,280,242,253 and mice.!® Interpretation and com- 
parison of results, however, is hampered in several ways: (1) with four excep- 
tions, °7:1:191.196 none of these studies provide data regarding degree of po- 
tassium depletion; (2) except where pair-feeding with controls has been em- 
ployed ,**:155.151.2 it is difficult to be sure that some abnormalities did not result 
from nutritional deficiencies apart from potassium since potassium-deficient 
rats eat less well than normal; (3) techniques of depletion and dietary constituents 
have varied considerably; and (4) localization of lesions within nephrons has 
been uncertain because microdissection has been employed in only one study.!*! 
For these reasons, it is not surprising that the reported pathologic changes have 
been rather divergent. 

Essentially, all investigators have agreed on the predominantly tubular 
location of the lesions and on the presence of tubular dilatation. From microdis- 
section studies on rats depleted to varying degrees and for varying durations 
(up to 4 weeks),'®*! it is now clear that the earliest primary lesions are in the 
collecting ducts. These lesions affect all collecting tubules uniformly and are 
of two types: (1) an intracellular accumulation of large granules, a finding noted 
in several other studies,*!:1%:1%.24 and (2) swelling and hyperplasia of the tubular 
epithelium. The former is limited entirely to the inner medulla and papilla. 
The nature of the granules is unknown, but there is histochemical and electron- 
microscopic evidence suggesting that they may be altered mitochondria.'*)!% 
The hyperplastic lesion is limited to the outer zone of the medulla and inner 
cortex, predominantly the former. It involves both clear and intercalated cells, 
frequently causing apparent luminal obstruction and consequent dilatation of 
collecting ducts proximally. This dilatation occasionally extends as high as the 
ascending limb of the loop of Henle, but otherwise the loops of Henle and the 
distal convolutions are both normal.* The proximal convoluted tubule, which 
has been described as abnormal in potassium-depleted humans (see below), 
is the site in rats, of an inconstant change beginning in its middle third and re- 
sembling the hyperplastic lesion of the collecting ducts, with cellular swelling 
and ultimate cell rupture followed by prolific regenerative hyperplasia. The 
cellular swelling in the collecting ducts and proximal convolutions is presumably 
the ‘‘vacuolar’”’ or ‘‘hydropic’’ lesion described in other studies,®!:%:164,20,242,253 


*If it is true, as has been suggested by Oliver!®» and Rhodin,”"’ that the intercalated cells of the 
collecting ducts are an extension of normal distal tubular epithelium, it is interesting that the distal 
convoluted tubule does not participate in the hyperplasia which so intensely affects intercalated cells in 
the outer medulla. 
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and it is noteworthy that the collecting tubules were thought to be the site of a 
hyperplastic collecting duct lesion in two of the earliest reports on experimental 
potassium depletion.**:'® Although in the microdissection studies demonstrating 
the collecting duct lesions the rats were alkalotic to varying degrees,'*! identical 
lesions are seen when rats are given acidifying ion-exchange resins causing po- 
tassium depletion with acidosis.'*? The lesions are also independent of the sodium 
load.'*° In contrast, the severity of the proximal lesion appears to depend on 
some undefined factors other than the potassium depletion per se, since it is far 
more striking and consistent in rats made acutely potassium deficient and alkalotic 
by peritoneal dialysis with sodium bicarbonate!’ than in more slowly depleted 
rats. This may be but one of many situations in which such factors as rate of 
depletion, intake of other dietary constituents,'*® and other aspects of whole- 
body or renal metabolism may condition the precise nature and severity of the 
renal lesions. The difficulty of defining renal damage as the consequence of a 
single electrolyte disorder is well illustrated by a recent study’ demonstrating 
that the proximal tubular lesion associated with phosphate loading is clearly 
accentuated by potassium deficiency (this proximal lesion is different than that 
of potassium depletion itself). Although agreeing in principle, this study did 
not confirm the recent suggestion of Selye and Bajusz”*’ that phosphate loading 
aggravates the lesions of potassium depletion. 

Renal calcification is not usually present in potassium depletion, but has 
been noted occasionally (usually calcium casts)’. and is prominent in the 
lesion of phosphate loading.'” Interstitial changes are rarely mentioned, but 
several recent studies have shown alterations of intertubular ground substance 
and/or basement membranes in the medulla,*!:!*':'™ as well as apparently swollen 
interstitial cells, perhaps macrophages, which are periodic acid—Schiff positive.*! 14 
Inflammatory cell infiltrations are not characteristic of uncomplicated potassium 
depletion; neither are visible changes in glomeruli or blood vessels. 

A variety of enzymatic changes have been reported in the kidneys of po- 
tassium-depleted rats. Methods have varied and have involved both whole- 
tissue analyses!**:* and histochemistry.*!!%?# In general, however, there is a 
paucity of interpretable data on this obviously important problem, in that 
comparatively few enzymes have been studied by more than one group or by 
more than one technique. Alkaline phosphatase has been found low!*:?” and 
unchanged.*!:!*4 Acid phosphatase has been apparently increased in the collecting 
tubules,*!!%* but was unchanged in another study.” Glutaminase activity (units 
per gram of kidney nitrogen) was increased in potassium-depleted rats as com- 
pared to pair-fed controls,'** as it was in the kidneys of potassium-depleted dogs 
treated with DOCA (but not when dogs were equally depleted of potassium 
without DOCA)."*° It has been reported that nonspecific esterase increased in 
the proximal tubules! but, using somewhat different histochemical methods, 
other investigators have found it unchanged.*!:?# Succinodehydrogenase and the 
5-nucleotidases have been normal in two studies.*!!% Other enzymatic findings 
have included increased activity of carbonic anhydrase (units per gram of nitro- 
gen),'48 unchanged arginase and amino acid oxidase,'*® and variable alterations 
of lactic dehydrogenase depending on location in the nephron.'® Carbonic 
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anhydrase in the dog kidney appeared to be depressed when potassium depletion 
was associated with DOCA treatment and was slightly elevated with potassium 
depletion on a high bicarbonate intake (without DOCA) but not when chloride 
replaced the bicarbonate.'*® Increases in TPN-diaphorase and opposite changes 
in DPN-diaphorase have been interpreted as suggesting disturbed respiration and 
oxidative phosphorylation.! The possible significance of the increased glutamin- 
ase will be discussed later in relation to urinary acidification. In general, however, 
both the meaning and the validity of these various reported changes remain 
uncertain. Since protein depletion may cause depression of renal enzymes,'’ 
protein depletion prior to potassium depletion may confuse results, although in 
this instance’” the use of pair-fed controls largely negates this objection. Similarly, 
without more knowledge than presently available regarding the role of many 
nutritional factors other than potassium, the lack of pair-fed controls® or an 
insufficiently detailed description of the control regimen'®* hampers interpre- 
tability. 

Since it is reasonable to suppose that some of the physiologic effects of 
potassium depletion are mediated through changes in intermediary metabolism, 
it is interesting that the concentration of pyruvate kinase, which requires po- 
tassium as an activator, has been found increased in kidney homogenates of 
potassium-deficient rats.® The increase was limited to the medulla and, when 
related to DNA-phosphorus, appeared to be a true hypertrophy per cell which 
more than compensated for the modestly depressed enzyme activity resulting 
from decreased renal potassium concentration. 

Although the rat and mouse are the only experimental animals in which 
the renal structural pathology of potassium depletion has been described, twice 
in potassium-depleted dogs it has been looked for with entirely negative re- 
sults.2%.249 This is of considerable interest and deserves further investigation.* 

Renal Structural Changes in Potasstum-Depleted Humans.— Knowledge re- 
garding renal pathology in potassium-depleted humans comes entirely from 
three clinical situations, all of which represent potassium depletion, but in as- 
sociation with other metabolic abnormalities: (1) large losses of gastrvintestinal 
fluid, (2) primary aldosteronism, and (3) potassium depletion due to renal 
potassium wasting of uncertain causation. The latter group*5,7!:167,172,227,267 (see 
Brooks and coauthors, Case No. 3*°) does not provide much helpful information 
about the effects of potassium depletion on the kidneys since, although many 
are probably examples of primary aldosteronism, they may also be one or an- 
other type of primary renal disease. Also, the several forms of ‘‘renal tubular 
acidosis,’ while commonly causing potassium deficiency, are obviously not 
generally suitable material for studying the renal consequences of potassium 
depletion except when abnormalities can be shown to develop with the potassium 
depletion and to subside following potassium repletion. 

Perkins, Petersen, and Riley!®® appear to have been the first to ascribe 
anatomic changes in human kidneys to potassium deficiency. A patient died 
with almost certain potassium depletion as a result of a long-standing spruelike 


*Recent unpublished studies are reported to demonstrate renal tubular lesions in potassium-de- 
pleted dogs.1!76# 
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syndrome. The prominent histologic change was a vacuolization of the tubular 
epithelium which was thought to be mainly but not entirely in the proximal 
tubule. The vacuoles did not take fat stains, and the authors likened the lesion 
to that which had been described in potassium-depleted rats. A similar vacuolar 
or hydropic lesion of the tubular epithelium has now been reported in 16 other 
potassium-depleted patients, 4 with predominantly gastrointestinal causes of 
the potassium deficit,*4%*.?8 11 with primary aldosteronism,>:*?:37,43,45,55,70, 86,159,288 
and 1 with gastrointestinal losses but also with chronic glomerulonephritis.* 
In 8 of these®?:37-55.156,159.213 the lesions were thought to be mainly proximal, the 
validity of which was established in 4 instances by microdissection of nephrons.*7 
It is of interest, however, that there are 15 reports in which this ‘“‘characteristic’”’ 
hydropic lesion was apparently absent, 3 with gastrointestinal losses,?:?!* 
9 with primary aldosteronism, ®:?°-2,36.52,130,176 and 3 where renal potassium 
wasting was of uncertain cause.??!”2.267 This suggests that vacuolization is by 
no means a constant finding, although the significance of its absence in many 
of these studies is difficult to evaluate because of varying degrees of potassium 
repletion prior to obtaining kidney tissue. The vacuoles are apparently not 
glycogen*** and only rarely stain for fat.3?34:4.156.199 Probably they represent 
alterations comparable to those which develop in the collecting ducts and prox- 
imal tubules in rats,'*! although the evidence currently available suggests that 
in humans the proximal component is more prominent. Conceivably this may be 
conditioned by factors other than potassium depletion alone, as already discussed 
in relation to the rat pathology and perhaps supported by the apparent incon- 
stancy of the lesion in human material. One interesting but wholly speculative 
possibility is that the vacuolization in proximal tubules is caused or aggravated 
by partial obstruction of nephrons due to collecting duct lesions such as are 
found in rats.’®! This suggestion stems from a note by Kulka, Pearson, and 
Robbins'® indicating the production of very similar-appearing proximal vacuolar 
lesions by ureteral obstruction in rabbits. 

Whether or not potassium depletion in humans causes collecting duct lesions 
comparable to those in the rat remains an important unanswered question which 
can only be settled by microdissection studies involving the entire length of 
nephrons. In the cases reported by Darmady and Stranack,* the collecting duct 
was specifically stated to be normal in 1 instance*’ and was not mentioned in the 
other 3; however, although nephrons were individually dissected, it was almost 
certainly impossible to study the medullary portion of the collecting system since 
the material was obtained by renal biopsy. 

Other structural changes in human kidneys appear to be due primarily 
to such associated conditions as hypertension in primary aldoste- 
ronism, ®:?°,22,30,37,45,52,70,86,176 hypertension of uncertain cause,?°?* and chronic 
pyelonephritis. *°:#6:159.176,183,203,213,215 Tt ig noteworthy that a total of 14 potassium- 
depleted patients have had complicating pyelonephritis as judged by history, 
urine cultures, or renal histology,*:39:36.67,159,176,183,203,213,215,227 although in at least 
3 of these®*°."? the pyelonephritis may well have preceded potassium depletion. 
Relman and Schwartz?!> have suggested that this complication may be more 
common in the potassium depletion of primary aldosteronism than that of gastro- 
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intestinal disorders; however, this is not supported by the current review since 
5 of the 14 instances of apparent pyelonephritis were in patients with gastro- 
intestinal causes of potassium depletion,*’:?°:23 which represent at least as great 
an incidence in this group* as do the 8 cases which were associated with primary 
aldosteronism.®:3°:6.159,176,183,215 As in rats, glomerular and vascular changes have 
been very rare except where otherwise explainable. 

Reversibility of Structural Changes.—Relman and Schwartz?" have provided 
the only available information regarding reversibility of potassium depletion 
nephropathy in humans. Serial biopsies in 2 patients with potassium depletion 
secondary to gastrointestinal losses showed complete repair several months 
after potassium repletion (except for some ‘‘pyelonephritic”’ scars in one). In rats 
and mice, essentially complete restoration of normal renal architecture may occur 
within 2 to 3 weeks following potassium repletion,!®!7*53 although there may 
still be some dilatation of tubules and occasional hyalinization of glomeruli.!®:75% 
Prompt recovery can also be accomplished with rubidium rather than potas- 
sium.}? The granular lesion of collecting tubules in the inner medulla disappears 
extremely rapidly following potassium repletion—in 1 to 2 weeks!”.!*.!% or even in 
as little as 2 days."86 The hyperplastic collecting duct lesion, although ultimately 
repaired except for occasional fibrous scars, did not subside significantly within 1 
week of rapid potassium repletion.* Most, but not all, of the enzymes studied 
histochemically by Pearse and MacPherson’ returned to normal within 7 
days following potassium repletion. Thus, the consensus has been that the renal 
structural abnormalities which develop with potassium depletion are largely 
reversible. In conflict with this conclusion, however, is the study of Fourman, 
McCance, and Parker®? demonstrating very severe pathologic renal condition 
as long as 7 months after complete potassium repletion. The kidneys were grossly 
enlarged with atrophic, hyalinized glomeruli and markedly dilated tubules. In 
another, comparable study,'® the results were qualitatively similar to those of 
Fourman, McCance, and Parker, but far less marked. Although differences in 
methodology may explain the quantitatively dissimilar findings, it is also possible 
that the greater renal damage was the result of superimposed pyelonephritis. 
This explanation would, at least, be reasonable in view of the recent demonstra- 
tion by Woods and co-workers?®* that, even long after potassium repletion is 
accomplished, such rats have increased susceptibility to renal infection. 

Renal Physiology in Potassium Depletion.— 

Urinary concentrating power: There are many alterations in renal function 
which have been reported in potassium depletion, the most profound and con- 
sistent of which is an impairment of the urinary concentrating mechanism. The 
earliest indication that this might be so derives from the studies of Loeb and 
associates® 2% and from those of Mulinos, Spingern, and Lojkin'** demonstrating 
polydipsia and polyuria in dogs treated with DOCA. The maximum achievable 
urinary specific gravity was impaired'*2" and although the degree of polydipsia 


*The very interesting reports of gastrointestinal disorders without documented potassium depletion 
but with pathologic renal condition resembling that seen in potassium depletion have not been included 
in this review since they can only provide a highly inferential form of evidence. They have been ex- 
tensively reviewed by Relman and Schwartz?!215 and by Conn and Johnson.“ 

+Rubidium will also prevent renal structural changes in potassium-depleted rats. 
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and polyuria was not significantly diminished when additional potassium was 
supplied,* urinary concentrating power was not tested in this circumstance. 
Furthermore, although the potassium supplement prevented paralysis, the data 
suggest that it may not have completely prevented potassium depletion. Sub- 
sequently, Smith and Lasater*4! demonstrated a markedly increased water 
turnover in dogs on low potassium intakes without DOCA, but no data were 
presented regarding urinary concentrating capacity. Brokaw found similar 
polydipsia and polyuria in rats on potassium-deficient intakes, but concluded 
that this was not due to impaired urinary concentrating power.'* However, 
it has now been clearly established both in the rat'*® and dog!” that potassium 
depletion does impair the renal concentrating mechanism. In rats the magnitude 
of this impairment appears related to the degree of potassium depletion,'*? 
and the defect occurs whether the potassium-depleted rats have extracellular 
alkalosis'*® or acidosis.'** It has recently been demonstrated that urinary con- 
centrating power may be impaired if the excretion of urea is inadequate,*!!” 
but this will not explain the results in potassium depletion, since some of the 
rats were pair fed with controls, since the rate of total solute excretion was never 
significantly lower in potassium-depleted than control animals, and since (in the 
one group in which it was examined) the rate of excretion of urea by potassium- 
depleted rats was not depressed.'*° In dogs, maximum urinary osmolality is 
significantly depressed whether or not the potassium depletion is associated 
with administration of DOCA.'” It is not clear that the potassium-depleted 
dogs consumed as much food as controls, and the rate of solute excretion during 
testing was considerably lower for the DOCA-treated potassium-deficient dogs 
than for controls; hence, the possibility of inadequate excretion of urea mentioned 
above must be considered. However, this study!” also included measurement 
of the maximum negative free-water clearance (Tm*y,,) during mannitol diuresis, 
and, as this parameter was also significantly diminished, the explanation invoiv- 
ing urea is unlikely.'® Thus, the conclusion that potassium depletion impairs 
urinary concentrating power in experimental animals seems well established and 
is in agreement with other reported studies of this problem! ?!8 except for 
Brokaw’s,'® the results of which may have been influenced by methodologic 
problems as discussed elsewhere.'*? 

In humans, a similar defect in the urinary concentrating mechanism has 
been the most prominent and consistent abnormality of renal function noted in 
association with potassium depletion. Thus, there are 33 instances of definite 
potassium deficiency due either to gastrointestinal losses or to primary 
aldosteronism in which maximum urinary concentration was_ specifically 
tested ,5:5:20-22,30,87 48 45,5268, 69,70, 86,124, 180,185 143,159,171,176,203 ,213 234,238 and in all but 2 
cases®:5§ concentrating power was clearly impaired. In an additional 7 cases 
with potassium depletion of uncertain causation, the maximum achievable urinary 
concentration was also subnormal.?°?:7!:167,172,227,246.267 Jn the vast majority of all 
of these cases the maximum urinary specific gravity was less than 1.015. This 
case material also demonstrates that, as in experimental animals, the concentrat- 
ing defect is not related to extracellular acid-base status or to high levels of 
mineralocorticoid. 
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Currently available data do not provide an answer to the important question 
of how often the renal concentrating defect is completely reparable. In rats, 
potassium repletion restores normal urinary concentrating ability rapidly"*!” 
and this is also true (or nearly so) for the dog.""? Among human cases, there are 
8 examples of complete reparability occurring from 114 to 15 months following 
potassium repletion and/or surgical cure of primary aldosteronism. ®:7°:!4,185, 143,234 
In addition, there are 13 instances demonstrating partial restoration of urinary 
concentrating power, but the longest follow-up period in this group is only 12 
months and for most it is less than 6 months.*!:22-43.45,52,69,130,172,203,213,238 There 
are only 3 case reports showing essentially no improvement in urinary con- 
centrating power following potassium repletion; however, 1 of the patients 
had chronic pyelonephritis in addition to potassium depletion,'”® 1 was tested 
only 214 months after surgical removal of an adrenal adenoma,*’ and in the third 
the initial concentrating impairment was slight and the duration of follow-up 
is uncertain.® 

It has previously been suggested!® that the urinary concentrating defect 
may in some way be the result of the lesions which have been demonstrated in 
the collecting tubules. This is a reasonable hypothesis since it is now recognized 
that the hyperosmotic concentration of urine is established in the collecting 
ducts.!!626 However, the loops of Henle and the distal convoluted tubules are 
also importantly involved in the renal concentrating process!:!!®.?64 so that, theo- 
retically, potassium depletion could impair urinary concentrating power in 
several ways: (1) by interfering with the hyperosmotic reabsorption of sodium and 
the counter current multiplier system in the loops of Henle, since together they 
apparently create the high osmotic concentrations which are established in the 
interstitial fluid of the medulla and which are thought to be responsible for the 
final abstraction of water from the collecting ducts; (2) by impairing water 
reabsorption in the distal convoluted tubule where isotonicity is normally re- 
established by water transfer out of an initially hypotonic fluid; and (3) by 
impairing water reabsorption through the wall of the collecting ducts. The choice 
is largely between the first and third of these possibilities and remains unresolved. 
The second possibility has been reasonably excluded as the cause of the con- 
centrating defect in potassium-depleted rats since such rats have normally 
hypotonic urine in the initial portion of the distal convoluted tubule and normal 
(isosmotic) urine further along in the distal convolution.* The hypotonicity in 
the early distal tubule'’ also suggests that hyperosmotic sodium reabsorption 
is not impaired in the terminal segment of the ascending limb of the loop of Henle, 
but it does not indicate more than that regarding the functional state of the 
countercurrent multiplier system. Manitius and colleagues!”*? have compared 
the tonicity of deep medullary tissues in normal and potassium-depleted rats 
but obtained data which do not clearly exclude either the first or the third of the 
above theoretic explanations for the urinary concentrating impairment. Further 
investigation is certainly indicated and, as already discussed, the collecting tubules 
in cases of human potassium depletion need careful study. 


*The recent studies of Giebisch and Lozano!” present evidence which suggests that, in the dog, 
potassium depletion may inhibit water reabsorption in the distal tubule. 
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Urinary acidification and bicarbonate excretion: Since very large intakes of 
sodium bicarbonate produce little or no alkalosis in the absence of potassium 
depletion,*?:""* the propensity to develop metabolic alkalosis in association with 
potassium depletion is itself evidence of impaired bicarbonate excretion (or 
impaired chloride reabsorption). This aberration of tubular function has also 
been demonstrated in a variety of acute experiments in dogs,! rats,4® and hu- 
mada; ***-2¢. 167 ! The corrolary of this is, of course, that in the presence of any 
tendency toward extracellular alkalosis the kidneys of a potassium-depleted 
subject excrete urine which is inappropriately acid. Frequently the urinary pH 
is less than 7.0, which has led to the term ‘‘paradoxical aciduria,”’ but this term 
might more reasonably be used to imply that acid excretion and bicarbonate 
reabsorption exceed what is appropriate in relation to the extracellular acid-base 
status. Many examples of this tubular defect could be cited. Thus, the urinary 
pH was less than 7.0 despite significant extracellular alkalosis in several experi- 
mental studies involving potassium-depleted dogs,'*:!8° rats,#%4948 and hu- 
mans. '4:8?,243.265 Tn the reported cases of primary aldosteronism the urinary pH 
has varied between 6.0 and 7.5 and, although probably more alkaline than in 
other forms of potassium depletion, it is not consistently greater than 7.0, as has 
been suggested. *®*:!%° It is now generally accepted that, as indicated earlier in the 
section on pathogenesis, the secretion of potassium and hydrogen ions by the 
renal tubule is in some manner competitive, and it has therefore been proposed!® 
that the relatively increased excretion of acid by potassium-depleted kidneys 
is due either to a deficiency of potassium in the renal tubular cells or to what is 
usually considered to be the corrolary of this, increased availability of hydrogen 
ions in these cells. This concept is supported by the finding that when slices of 
rabbit kidney cortex were depleted of potassium and incubated with NaHCO; 
their final bicarbonate concentration was less than that of slices with normal po- 
tassium content.’ Thus, reabsorption of sodium by the ion exchange mechanism 
results in a proportionately larger secretion of hydrogen ions and lesser secretion of 
potassium. The relatively more alkaline urine in primary aldosteronism is also 
expected from this hypothesis, since in that condition urinary potassium excretion 
remains high (more than 25 mEq. per 24 hours) despite serum potassium con- 
centrations of less than 3.0 mEq. per liter and the presumably low levels of 
intracellular potassium.>®:?°:37,43,45,53,70,99,124,135,143,171,176,288 This ig in distinct con- 
trast to the generally low levels of urinary potassium (less than 20 mEq. per 24 
hours) seen in patients with gastrointestinal losses as the cause of potassium 
depletion, *’:?!*.25.261 in human subjects experimentally depleted of potas- 
sium, !4:15.40,82,95,2105265 and in potassium-depleted animals.**:49:%:149.!%.22 The ef- 
fect of mineralocorticoid in augmenting potassium excretion despite potassium 
depletion has also been noted in dogs.'*9 

Potassium depletion appears to cause an increased excretion of ammonium 
ion (considered in relation to the almost neutral urinary pH which is usually 
present). This has been noted in primary aldosteronism,’°'7*?*4 and an acute 
increment in ammonium excretion has been observed when DOCA was added toa 


*It has also been shown”! that an infusion of potassium into normal dogs inhibits the elevated 
bicarbonate reabsorption normally associated with an elevation of pCOxz. 
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potassium-deficient regimen.'* That it is not a function of mineralocorticoid per 
se, however, is illustrated by several studies of experimental human potassium 
depletion*®:”°°.*48.26 and in 2 patients whose potassium depletion was the result 
of gastrointestinal losses.2** The cause of the increased ammonium excretion 
is uncertain, but has been ascribed to the increased glutaminase previously 
discussed.'48 Similar rises in renal glutaminase have been noted in rats chronically 
treated with Diamox,?°? another situation in which ammonium excretion is 
elevated in the presence of relatively alkaline urine, and in metabolic acidosis 
due to ammonium chloride administration.?°° Since the common denominator 
in all of these situations is the presumed increase in intracellular acidity or pCO», 
the suggestion that intracellular acidosis is the stimulus for increased glutaminase 
activity seems a reasonable one.?°° 

In addition to these alterations, it has been claimed that potassium depletion 
impairs urinary acidification, i. e., that despite the inappropriate acid excretion 
already described, there is actually a limited ability to acidify the urine. There is 
essentially no support for this in animal experiments since the only relevant 
data indicate very low urinary pH levels in acutely potassium-depleted dogs*’ 
with severe acidosis (presumably respiratory, secondary to weakness of respira- 
tory muscles). The concept derives primarily from two studies of experimental 
potassium depletion in human subjects. Clarke and associates‘? produced po- 
tassium depletion and then acidosis with ammonium chloride. They observed 
that the potassium-depleted subject responded with a slower fall in urinary pH 
and a higher final urinary pH than did controls. However, the differences were 
slight: the rates of fall of urinary pH appear almost identical, but the potassium- 
depleted subject started at a higher pH (6.4 versus 5.5); the minimal urinary pH 
of the potassium-depleted subject (5.2) was only slightly higher than that of 
controls (4.5 to 5). Nonetheless, the validity of these differences was strengthened 
by finding that urinary pH increased from 4.7 to 5.3 when (in a different experi- 
ment) potassium depletion was superimposed on already existing ammonium 
chloride acidosis. On the basis of these observations, plus experiments measuring 
titratable acidity during an infusion of neutral sodium phosphate, the authors 
concluded that potassium depletion limits maximum hydrogen ion gradient but 
not the maximum rate of hydrogen ion excretion. Rubini and coauthors” also 
gave ammonium chloride to experimentally potassium-depleted subjects and 
noted a less acid urine and a smaller increment in titratable acidity, but a much 
larger increment of ammonium excretion than with controls. Qualitatively similar 
findings have been reported in 3 patients with primary aldosteronism,)?!:22-7° 
but in 3 others urinary acidification was little, if at all, impaired.*??'* Hence, 
potassium depletion may impose some limitation on maximum hydrogen ion 
gradient in the urine, but this is not clearly established and there is no evidence 
of impaired capacity for total acid excretion. 

There is some evidence that potassium depletion depresses excretion of 
organic acids. This has been shown in potassium-depleted alkalotic rats®* and 
in 2 human subjects with potassium depletion and acidosis.*** There is some fur- 
ther support for these findings in two other studies of experimental potassium 


*In rats the largest fraction of the urinary organic acids is alpha-ketoglutarate; in man it is citrate.** 
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depletion in humans.*’:* In rats, repletion with potassium bicarbonate is followed 
by increased excretion of organic acids without change in their plasma level, but 
interestingly this does not occur when repletion is accomplished with potassium 
chloride.‘7-49:8* Organic acids were similarly unchanged during repletion of 2 
patients with potassium chloride,”* but did increase in 2 others.'** The significance 
of these findings is not yet clear and more studies are needed. Cooke and as- 
sociates‘7** have suggested that the organic acids may facilitate chloride con- 
servation by serving as essential anions, allowing the excretion of large quantities 
of cation without chloride and without rise in urine pH. 

Other renal functions: It has been suggested'” that potassium depletion may 
impair renal tubular reabsorption of phosphate, but in the case presented the 
evidence was not conclusive since there were alternative explanations. None 
of the very meager evidence from animal studies supports this concept*®:49:%:2!9 
except for one report which shows an apparent decrease in phosphate Tm. 
during acute lowering of the serum potassium concentration.'** There are three 
studies of experimental potassium depletion in humans (two alkalotic and one 
acidotic) during which urinary phosphate excretion rose,"*'”:® but there are no 
studies of phosphate Tm. in potassium-depleted humans, and the subject re- 


mains unresolved. 

The possibility of aminoaciduria as a result of potassium depletion has not 
been studied in animals and is only rarely mentioned in relation to potassium- 
deficient patients. Denton and associates™ reported 2 instances of aminoaciduria 
which they related to potassium depletion, but the relationship was not established 


with certainty. Stanbury and Macaulay™® also reported aminoaciduria in as- 
sociation with potassium depletion, but again the data do not particularly suggest 
a cause and effect relationship. Urinary aminoacids have been normal in 2 cases 
of primary aldosteronism.”!:??:7° 

Other findings in relation to renal tubular function in potassium depletion 
have included: normal glucose reabsorption in dogs!!:!78 and presumably in 
humans since renal glycosuria has not been a feature of reported cases; normal 
capacity to conserve sodium maximally,®?4.243 although Mahler and Stanbury!” 
have described a patient with chronic renal disease and a potassium-wasting 
tendency in whom intermittent impairment of sodium conservation was thought 
to be the result of intermittent potassium depletion; and apparently normal con- 
servation of potassium itself,45:49,67-93,149,157,192,213,284,242 Which remains almost 
maximal even in the face of stimuli (such as acute bicarbonate loading) that 
normally cause increased potassium excretion.‘°.49*? One interesting report 
suggests that, under some circumstances, urinary potassium excretion may 
reach a minimum and then increase somewhat with progressive potassium de- 
pletion. In 2 hypokalemic, alkalotic dogs on a low potassium, high bicarbonate 
intake (without DOCA), the average daily urinary potassium excretion rose 
progressively from 0.8 mEq. after 1 week to 4.5 mEq. after 4 weeks.'*® The data 
presented, however do not, indicate whether or not this could have been due to 
increased catabolism. 

Changes in the glomerular filtration rate (GFR) are not striking in potassium 
depletion and, since glomeruli are not visibly damaged, such reductions as do 
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occur are probably best explained by the obstruction of nephrons discussed 
earlier. Measured as the clearance of inulin (Cix), mannitol, or endogenous 
creatinine, the GFR was either normal or only mildly depressed in all but 2 
patients*’"!7! of 16 with primary aldosteronism. ®:7°.21,22,37,43,45, 69,70, 86,124,130, 143,171,176,288 
When potassium deficiency is due to gastrointestinal causes there may be a 
somewhat greater tendency for the GFR to be low,” but even so it is not severely 
decreased and in 4 of 8 patients it was only mildly so or normal].*67,213,234,261 
Similarly, the serum level of nonprotein nitrogen (NPN), urea nitrogen (BUN), 
or creatinine has been elevated in only 3 of 17 patients with primary aldosteron- 
ism and in 5 of 10 patients with gastrointestinal losses.!:®7:1%5.213 [n 4 experimentally 
potassium-depleted humans with negative potassium balances of 113 to 543 mEq., 
there were no significant changes in the endogenous creatinine clearance.9®:?® 
In rats, potassium depletion appeared to cause a slight decrease in the endogenous 
creatinine clearance,'** but the possibility of simultaneous protein depletion as 
the explanation was not excluded. The BUN may remain normal in potassium- 
depleted rats'** or may increase by more than 100 per cent, as may the NPN.97:2# 
In dogs, the creatinine clearance may remain constant or may decrease slightly 
with potassium depletion,’ ®° but again it is not clear that the decreases were 
not the result of diminished protein intake. In contrast, dogs rapidly depleted 
of potassium by extracorporeal dialysis, with acidosis (presumably respiratory) 
and apparently unchanged body water, had 50 per cent reductions in GFR (Cy) 
without change in effective renal plasma flow (clearance of para-aminohippurate— 
Cpan).8’ This interesting observation cannot be explained by the respiratory 
acidosis®®'® and did not occur in control studies using the same dialysis procedure 
but without potassium depletion, which points up a need for further investigation 
of this and other parameters of renal function in rapidly potassium-depleted 
animals. 

During a period of a few weeks to 15 months following surgical cure of 
primary aldosteronism (and potassium repletion), the GFR occasionally has 
increased to normal!*‘14*.!7!; but more often it has fallen (sometimes only tran- 
siently), presumably because of the drop in blood pressure and renal vascular 
disease.*7:®9:79.176 The only similar studies on patients with gastrointestinal causes 
of potassium depletion are those of Relman and Schwartz?'***4 which showed 
increases to normal in 2 cases, increase almost to normal in 1, and very little 
change in 1 (but there was doubt as to the adequacy of potassium repletion). 

The clearance of para-aminohippurate is frequently somewhat depressed 
in potassium-depleted patients,*7:6:159.171,213,234 but this is probably a reflection 
of another renal tubular defect, the extraction and secretion of PAH,!7!:234,251 
and may not indicate any reduction in renal plasma flow except where renal 
vascular disease is also present. A similar explanation presumably accounts for 
the frequently encountered moderate depression of phenol red (P. S. P.) ex- 
cretion. 34:53 ,135 213 ,234 

Although it has been suggested that potassium deficiency may cause acute 
oliguria,’° this has not been a recognized consequence of potassium depletion, 


*T wo of these patients®’.** had normal or almost normal glomerular filtration rates just after potas- 
sium repletion, but data during depletion are not available. 
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and the evidence in this and one other instance®’ strongly suggests that the oli- 
guria was due to causes other than the associated potassium deficiency. 

Potassium-depleted patients usually have either mild proteinuria or none. 
The urinary sediment is most commonly unremarkable, but occasionally con- 
tains a few red cells, white cells, and/or casts. 

Relation of Alkalosts to Renal Damage.—One of the important unsolved 
questions closely related to the renal effects of potassium depletion is the effect 
of alkalosis on the kidney. As indicated in the section on pathogenesis, extracel- 
lular alkalosis is commonly and perhaps invariably accompanied by a potassium 
deficit; it is therefore entirely possible that the renal impairment which has been 
partially attributed to alkalosis*.*® is in fact the result of potassium depletion 
(plus undoubted dehydration and sodium depletion in many instances). 

In the rat there are no lesions associated with potassium depletion and 
alkalosis that are not also seen when the potassium deficiency is produced in 
association with acidosis.'*? Similarly, there is no evidence that renal structural 
damage or renal functional impairment is any more striking or of any different 
type in patients with primary aldosteronism, in all but a few of whom®:”2:30,37,52,148 
alkalosis has been a prominent feature, than it is in patients with potassium deple- 
tion secondary to gastrointestinal causes, in whom alkalosis has usually been 
minimal or absent. Hence, it is tentatively concluded that alkalosis per se is not 
damaging to the kidneys, but the matter cannot be settled until and unless 
severe alkalosis can be produced experimentally without potassium depletion 
(or with very minimal potassium depletion), which, as shown by Cooke and 
co-workers,*® is at least difficult. 


POLYDIPSIA 


The polydipsia commonly associated with potassium depletion may be 
secondary to the impaired renal concentrating process, but this is not established 
and there are reasons for believing otherwise. Furthermore, there is uncertainty 
as to whether the polydipsia associated with primary aldosteronism and with 
DOCA administration in animals is due to potassium depletion alone or to 
potassium depletion plus another effect of mineralocorticoid. 

The latter question is unsettled because, although potassium depletion 
alone clearly can cause polydipsia,'* %:159.241,24 the polydipsia of dogs treated 
with DOCA was not ameliorated by potassium chloride supplementation,® and 
polydipsia seems to be a considerably more prominent symptom in primary 
aldosteronism (mentioned specifically in 16 of 25 case reports) than it is in 
patients with potassium depletion due to gastrointestinal causes (mentioned in 
only 1 of 9 case reports). Also of interest is 1 patient?’ in whom thirst and polyuria 
sudsided rapidly following surgical removal of an adrenal adenoma, although 
the balance data suggest that 80 per cent or more of the potassium repletion 
had been accomplished before the operation. On the other hand, it has been 
reported that administration of DOCA does not cause polydipsia in rats, provided 
the sodium intake is very low,?® one possible explanation for which would be that, 
as is now known,””'86 little or no potassium depletion develops on such a regimen. 
It has also been reported that, in contrast to the observations of Ragan and 
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associates?™ already mentioned, DOCA-treated potassium-depleted dogs become 
less polyuric when they are repleted with potassium while DOCA is continued!®®; 
however, it is not known whether the polyuria (and presumably the polydipsia) 
subsided completely, which is the crucial information needed to answer this 
question. 

There is considerable circumstantial evidence supporting the hypothesis 
that the polydipsia of potassium dificiency, whether aggravated by mineralo- 
corticoid or not, may be a primary effect of potassium depletion, not merely 
the result of renal concentrating impairment: (1) it may begin within a day 
or 2 after animals are placed on a low-potassium diet, before the renal con- 
centrating defect is marked and possibly before it is even demonstrable*!:139.241,24. 
(2) the average serum solute concentration measured cryoscopically was 10 
mOsm. lower in 3 potassium-depleted rats with impaired renal concentrating 
mechanisms than in 2 of the controls,® suggesting that the polydipsia is not 
the result of a tendency toward dehydration and consequent elevation of serum 
osmolality; (3) dogs treated with DOCA®® and patients with primary aldosteron- 
ism may have spontaneous urinary specific gravities which are clearly below 
their demonstrated maxima,”!:.'8 or as noted by Stanbury*“ they have urine 
volumes which exceed what could be explained by the concentrating defect alone; 
(4) as has been observed in two experimentally potassium-depleted humanst® 
and in several patients with primary aldosteronism,**’ the thirst may be relatively 
unrelieved by drinking except very transiently; (5) the polydipsia may subside 
rapidly after surgical cure of primary aldosteronism and before there is much, 
if any, improvement in renal concentrating power*’:*:7°.59; and (6) one patient 
with primary aldosteronism® had polydipsia despite normal ability to produce 
concentrated urine (maximum urinary specific gravity of 1.027). 

An attempt has been made to prove primacy of the polydipsia by nephrec- 
tomizing polydipsic potassium-depleted rats, but spontaneous water ingestion 
after nephrectomy was no greater than that of nephrectomized controls.?® 
While it fails to support the hypothesis of a primary polydipsia, this result 
also fails to negate such a hypothesis, since there may well have been super- 
imposed causes for a diminished thirst after nephrectomy. 


EFFECTS ON THE HEART 


The Heart Lesion.—Myocardial lesions have been noted in experimentally 
produced potassium deficiency in rats,®%3-10?.158,170,200,280,255 mice,164 pigs, and 
cats,®° but not in dogs®®:**°; they have been found in humans dying from conditions 
associated with potassium deficiency.!"5 156.167 ,169,199,228 

The essential feature of the lesions, common to all species in which they 
have been found, is necrosis of cardiac muscle. Although it has been reported 


*The possibility that the polydipsia is actually the cause of the renal concentrating defect!®® has 
been excluded.?%° 

+These are the only experimentally potassium-depleted humans in whom thirst has been a re- 
ported symptom. It is, therefore, interesting that they were more severely depleted than any others 
with negative potassium balances quite comparable to those seen in potassium-depleted patients (839 


and 674 mEq 
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that they occur,”’ endocardial lesions have generally not been seen in experi- 
mental studies; however, the subendocardial areas are apparently the most 
extensively involved. 1.170 

The earliest changes consist of swelling and loss of striations of muscle 
fibers.'7° The fibers gradually become necrotic and finally disappear, leaving 
the containing sarcolemma. Soon afterward or simultaneously, the nuclei 
begin to shrink and undergo karyolysis or karyorrhexis. Associated with these 
changes there is an immigration of leukocytes into the areas of necrosis. Early, 
the leukocytes appear to consist largely of polymorphonuclear neutrophils, 
but it has been noted that the cells appearing to be predominantly polymor- 
phonuclear neutrophils are actually dark-staining tissue macrophage nuclei, 
very prominent capillary endothelial nuclei, and only an occasional polymor- 
phonuclear neutrophil.!7° Later the tissue macrophages clearly predominate. 

Whether or not destruction of the existing connective tissue framework 
with later proliferation of scar tissue occurs in the areas of necrosis is in dispute. 
The earlier reports indicate that destruction of the framework with subsequent 
proliferation of connective tissue does occur. French,'®” however, using more 
elegant staining techniques, found that although there is collapse of the supporting 
stroma, no destruction occurs. But he did note some proliferation of vascular 
endothelium and fibroblasts, indicative of proliferation of connective tissue, even 
though there was little evidence of formation of new collagen fibers. 

More recently, McPherson,!”° in reassessing the lesions, has proposed that 
all the changes are secondary to degeneration and death of muscle fibers, phag- 
ocytosis of necrotic material, and collapse and condensation of the supporting 
stroma. As evidence for lack of proliferation of connective tissue, he found no 
capillary ingrowth, lack of fibroblastic response, and virtual absence of poly- 
morphonuclear neutrophils. He contends, reasonably, that since connective tissue 
has a very low potassium content, there is no apparent reason why it should be 
sensitive to potassium lack. It is his impression that if cardiac muscle were 
capable of complete regeneration, the normal architecture of the heart could be 
restored, a situation analogous to certain cases of hepatitis in which connective 
tissue is not damaged and restitution of the normal architecture ensues. 

Another interesting feature of the lesion is the accumulation of a substance 
which stains red with Schiff—periodic acid stain in damaged muscle fibers, tissue 
macrophages, and muscle cells bordering the necrotic foci.!°!7° It is thought 
that the material in the tissue macrophages might represent excess ground sub- 
stance that is being removed, since prior treatment with diastase does not abolish 
the staining properties, indicating that the substance is not glycogen. The material 
in the damaged and ambient muscle fibers is most likely glycogen, since it does 
not stain after treatment with diastase.!7° 

Why these myocardial lesions should result from potassium depletion re- 
mains unknown. A deficit of body potassium is apparently essential for the 
production of the lesions, and in rats there is evidence that heart potassium 
is decreased. Attempts to produce the lesions in dogs, however, have been un- 
successful®’:4° even though in several instances the potassium content of heart 
has been decreased.®° Reports attesting to a protective effect of pyridoxine’® 
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and a deficiency of thiamine®® have not been confirmed.® Digitalis has been 
reported to have no effect on the incidence or appearance of the lesions.?2 The 
lesions are more extensive in potassium-depleted rats which are violently ex- 
ercised.*! It has been stated that the addition of sodium to the diet enhanced 
the severity of the lesions® although this effect was attributed to an increased 
sodium content of the cells, it might simply be the consequence of a more intense 
deficit of potassium due to the sodium load. Perdue and Phillips!®* claim that 
a diet with a 20 per cent content of corn oil induces more striking lesions than 
a diet with only 5 per cent corn oil. They claim there was no difference in skeletal 
muscle potassium, but the data suggest that there might have been. 

It should be emphasized that the appearance of the lesions is not unique. 
Its similarity to the myocarditis associated with diphtheria has been recognized 
and it has been described as resembling focal myocytolysis,'”° a type of necrosis 
associated with coronary artery disease.” 

Although the myocardial lesions have been reported in humans dying from 
diseases which are associated with potassium deficiency, for example, diabetic 
acidosis,22> steatorrhea,*!6? and adrenal cortical insufficiency treated with 
excessive amounts of DOCA,'"® conclusive evidence for potassium deficiency in 
these cases is lacking. McAllen'®® states that in case 1 of his 2 cases, ‘‘An elec- 
trolyte balance was carried out two weeks before death. This showed a retention 
of Na and a markedly negative balance for K, the latter being attributable to 
abnormal loss of potassium in stools.’’ However, no figures were published. 

Nevertheless, the clinical situations in all the reports are indicative of po- 
tassium deficiency, and the lesions described are in general similar to those 
reported in experimental potassium deficiency. In several cases, it seems quite 
likely that coronary artery disease was also present,!®?3 and it may be that in 
certain of the cases in which massive scarring is reported the changes are second- 
ary to ischemia. Some of the scattered foci of necrosis might also represent the 
focal myocytolysis associated with coronary artery disease. 

The Electrocardiogram.—Alterations in the electrocardiogram are a frequent 
accompaniment of hypokalemia. This is not surprising, since changes in extracel- 
lular concentration of potassium have been shown to affect markedly the electrical 
activity and excitability of the myocardium.'® Changes in practically every part 
of the electrocardiogram have been reported, and there is no consistent pattern 
of hypokalemia.*:!26.16.2!6.248 The most commonly observed changes, particularly 
in man, are depression of the S-T segment, decrease in amplitude and inversion 
of the T wave, and exaggeration of the U wave. Although prolongation of the 
Q-T interval has often been reported as an accompaniment of hypokalemia, there 
is evidence that it is normal in duration and that the apparent prolongation is 
a resultant of including the U wave in measurement of the Q-T interval.!6:18%.748 
Other changes that have been described are increase in the amplitude of the 
P wave, prolongation of the P-R interval,**° and widening of the QRS com- 
plex,°°.5° a change usually associated with hyperkalemia. 

Whether these abnormalities are secondary to a decreased extracellular 
concentration of potassium, a decreased intracellular concentration, or a change 
in the ratio between the two is not definitely known. These questions have 
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remained unanswered largely because of the difficulty in measuring intra- 
myocardial potassium in preparations suitable for recording electrocardiograms. 

Information which is appropriate, however, has been obtained about the 
correlation of the electrocardiogram with extracellular and intracellular concentra- 
tions of potassium. Schwartz, Levine, and Relman** analyzed the relationship 
of the electrocardiographic changes to serum concentration of potassium as 
well as to total body deficit of potassium in humans in whom varying degrees 
of potassium depletion had resulted from diarrhea or from administration of 
DOCA, compound F, or acidifying salts. They found that the electrocardiogram 
revealed evidence of potassium depletion in only one-half their observations. 
It was often normal with low serum potassium concentrations and was oc- 
casionally abnormal with normal serum concentrations. They concluded that 
the electrocardiogram was not consistently related to either body deficit or 
serum concentration of potassium. 

Experiments have also been performed on dogs in which electrocardiographic 
changes were related to changes in serum concentration of potassium as well 
as to varying degrees of total body deficit of potassium. Weller and coauthors,”® 
utilizing hemodialysis, noted that potassium extraction occurred in two phases: 
a first phase during which there was a rapid decline in serum concentration of 
potassium and during which potassium was being removed from the extracel- 
lular and intracellular compartments, and a second phase in which the serum 
concentration of potassium remained constant and potassium was, therefore, 
presumably being removed from the intracellular compartment. Changes in 
the electrocardiogram observed throughout the experiments were analyzed. 
Alterations limited to the first phase consisted of increases in the amplitude of 
the P wave, prolongation of the P-R interval, and rounding of the T wave. 
Changes limited to the second phase, when potassium was presumably being 
removed from the intracellular compartment, were depression of the S-T segment 
and widening of the QRS complex. Shifts in the QRS axis and the acceleration 
of heart rate were observed throughout both phases. 

Similar changes in the electrocardiogram have been observed in experiments 

with isolated, perfused turtle and dog hearts when the perfusate was potassium 
free.?§ 
Another line of investigation which has yielded pertinent data is exem- 
plified by the studies of Grob, Johns, and Liljestrand. While studying the move- 
ment of potassium in and out of muscle of normal subjects''® and patients with 
familial periodic paralysis,!'® they recorded ECGs following manipulations 
which produced hypokalemia by effecting transfer of extracellular potassium into 
muscle cells. When the arterial concentration of potassium had been decreased 
below 3.3 mEq. per liter, they noticed in both groups a positive after-potential 
on the falling limb of the T wave (U wave) as well as slight prolongation of the 
P-R, QRS, and Q-T intervals and lowering of the T wave. 

Qualitatively the changes in the electrocardiogram found in these various 
experiments are quite similar, but the underlying common denominator is not 
evident. It should be re-emphasized that it is not reasonable to equate derived 
changes in intracellular potassium or changes in muscle potassium with what 
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is happening in the heart and, until the electrocardiogram can be compared 
with samples of intramyocardial and extracellular potassium simultaneously 
obtained, the exact relationship among the three will probably remain unknown. 

The practical aspect of these considerations is that, at present, the electro- 
cardiogram cannot be relied upon as an indicator of potassium deficiency— 
either extracellular or intracellular—for the reasons previously mentioned and 
also because of other accompanying derangements in extracellular ionic com- 
position which affect the electrocardiogram. Nevertheless, when electrocardio- 
graphic patterns consistent with hypokalemia are observed in patients, the 
presence of potassium deficiency should be verified or excluded by more reliable 
means. In addition, the electrocardiogram is useful in the therapy of potassium 
depletion to assist in avoiding the development of hyperkalemia. 

Arrhythmias.—Disturbance in heart rhythm is another of the consequences 
of the increased excitability of cardiac muscle that results from potassium deple- 
tion. The most common accompanying arrhythmias are auricular and ventricular 
extrasystoles which may or may not be coupled. Auricular tachycardia and 
auricular flutter have occasionally been observed also.’ 

It has been in the area of the interrelationship of potassium and digitalis, 
however, that potassium depletion as a cause for arrhythmias has received the 
most attention. For many years potassium salts have been used extensively to 
abolish arrhythmias resulting from exhibition of excessive digitalis and where 
there has been no evidence of potassium deficiency. Formerly, opinion was that 
the efficacy of potassium in restoring normal rhythm was due to a pharmacologic 
effect of reducing myocardial excitability. Since it has been found that toxic doses 


of digitalis compounds may reduce myocardial concentration of potassium,*:!*5 
it has been suggested that the administration of potassium salts may result in 
restitution of myocardial potassium to normal.'® Recently, attention has been 
called to paroxysmal auricular tachycardia with block!® as being a particularly 
common resultant of imbalance between digitalis and potassium. 

Heart Failure.—Signs and symptoms suggestive of congestive heart failure 


1,200,242. 
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have been observed in several studies of potassium depletion in rats ? 
however, no objective measurements indicative of heart failure have been made. 

Because of the complexity of the clinical situations in which potassium 
depletion is usually found in man, it is difficult to ascribe the presence of heart 
failure to potassium depletion. There have been several reports!®:!°6 of cardio- 
vascular abnormalities including congestive heart failure, occurring in the presence 
of hypokalemia, which disappeared following the administration of potassium. 


EFFECT ON BLOOD PRESSURE 
Lowering of the blood pressure has apparently been produced by potassium 
deprivation in normal rats!°° and in rats made hypertensive!’ by unilateral 
nephrectomy plus the placing of a ligature on the remaining kidney. Recently, 
it has been found the aortic wall content of potassium is higher in rats made 
hypertensive by this method than in normal rats and that potassium deprivation 
leads to a decrease in the potassium content of aortic wall in hypertensive rats 
as well as in normal rats.!° This has led to speculation that arterial tone is 
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regulated by concentration of potassium in the arterial wall, thereby explaining 
the efficacy of potassium deprivation in lowering blood pressure. 

Perera'®* observed that potassium restriction in hypertensive men produced 
small but statistically significant decreases in resting blood pressure. 


EFFECTS ON THE GASTROINTESTINAL TRACT 


Almost all investigations of potassium depletion in several species have 
revealed no pathologic alterations in the intestinal tract, although distention 
of the bowel has been frequently observed. In two studies on rats, quite similar 
changes were found."*:8° A prominent feature was segmental, annular thickening 
of the small intestine which, on microscopic examination, was found to consist 
of congestion of the mucosa and submucosa, villi engorged with lymphocytes 
and mononuclear phagocytes, and Peyer’s patches filled with mononuclear phag- 
ocytes. In the intervening areas of small intestine and in the large intestine, 
edema was the outstanding abnormality. Edema and dissociation of the pancreas 
into its constituent lobules were also noted. Why these changes were present in 
these studies and absent in others is not apparent. 

The effect of potassium depletion on several functions of the gastrointestinal 
tract has also been investigated. Carone and Cooke* studied the effect of po- 
tassium depletion on composition of gastric juice in rats made deficient in po- 
tassium but not alkalotic. They found an increase in pH, decrease in titratable 
acidity and potassium concentration, and an increase in sodium concentration 
of gastric juice. In addition, it has been found that potassium depletion results 
in a decrease in the motility*47’** and propulsive ability'® of the intestine. These 
findings have been amplified by Perdue and Phillips'®’ who found that injections 
of acetyl-beta-methylcholine increased intestinal motility in potassium-depleted 
rats but not in normal rats and concluded that the limited peristaltic activity 
is due toa lack of stimuli rather than an inability of the smooth muscle to respond. 


EFFECTS ON METABOLISM 


Carbohydrate Metabolism—That potassium and carbohydrate metabolism 
are interrelated is evident from in vitro experiments: deposition of glycogen 
in the liver is accompanied by deposition of potassium*; potassium is essential in 
the phosphorylation of the adenylic system!®!7:'%; anaerobic glycolysis is inhib- 
ited and aerobic glycolysis is stimulated by the addition of potassium to medium 
of incubating rabbit brain slices‘; and optimal glycogenesis in rat liver slices 
requires potassium concentrations higher than that of extracellular fluid in order 
to maintain a normal intracellular concentration,'” whereas increasing potassium 
concentration in the medium of incubating rat diaphragm inhibits glycogenesis.”° 

Potassium depletion in rat liver slices leads to decreased glucose uptake, 
increased glucose output, and increased glucose formation from pyruvate, as 
well as decreased glycogenesis.'” These phenomena are similar to those found in 
diabetic rat liver slices and have led to the speculation that the deranged meta- 
bolism of the diabetic rat liver might be due to potassium depletion; however, 
potassium concentration in diabetic rat liver has been found to be normal.!” 
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Potassium depletion has been shown to influence carbohydrate metabolism 
in animal experiments and clinical studies; however, all the findings are not 
consistent with those of in vitro experiments. Reduced glucose tolerance has 
been observed in man’® and rat.!%"° Both postprandial" and fasting!™ liver 
glycogen concentrations have been found to be higher than control values in rats, 
a finding perhaps conflicting with the liver-slice experiments of Hastings and 
co-workers.'” In the former experiments, however, there was evidence to suggest 
increased adrenal cortical activity which could have increased gluconeogenesis 
and resulted in increased liver glycogen. Liver glycogen was practically absent 
in rats deprived of potassium for 90 to 120 days." This was thought to have 
resulted from blocked glycogenesis due to cumulative potassium loss; however, 
starvation might have been the causative factor of the low liver glycogen content. 

Protein Metabolism.—Failure to grow is a hallmark of chronic potassium 
deprivation and, indeed, was one of the earliest demonstrated effects of potassium 
depletion. Part of the growth retardation is no doubt the result of poor dietary 
intake secondary to anorexia associated with potassium deprivation, but in several 
experiments growth failure has been shown to be a specific effect of potassium 
depletion.'§: 89.58 Tt is not known whether this resulted specifically from dis- 
turbed protein metabolism. It has been demonstrated, however, that nitrogen 
balance is less positive in potassium-depleted rats than in control rats, even 
though nitrogen intake in the two groups is not significantly different.!88 Growth 
failure is therefore due, in part at least, to derangement in protein metabolism 
related specifically to lack of potassium. It is not known whether the lessened 
positivity of nitrogen balance is the result of decreased absorption of nitrogen 
from the gastrointestinal tract or increased urinary nitrogen excretion secondary 
to either decreased anabolism or increased catabolism of protein. 

In man there are no convincing data that potassium depletion promotes 
nitrogen wasting, but there is evidence that nitrogen retention is more marked 
in potassium-depleted hypogonadal subjects treated with testosterone when 


potassium is added to the diet.’° 


EFFECTS ON MUSCLE 

Skeletal Muscle Pathology.—Pathologic changes in skeletal muscle have been 
observed in the rat,*! dog,™° and rabbit.’ It is interesting that out of the many 
studies on the effects of potassium depletion in the rat, skeletal muscle lesions 
have been only rarely reported. Cohen, Schwartz, and Wallace*! found extensive 
involvement of skeletal muscle throughout the body, but particularly in the 
hind legs. The changes were those of Zenker’s waxy degeneration: the muscle 
fibers lost their cross striations and then either underwent necrosis or lost their 
sarcoplasm. Regeneration occurred rapidly after the administration of potassium 
and consisted largely of reconstitution of muscle fibers by multiplication and 
production of sarcoplasm on the part of the sarcolemmal cells. 

Similar changes in muscle have been observed in the dog*4® where muscle 
paralysis is a more striking feature. In rabbits in which paralysis is also a prom- 
inent accompaniment of potassium depletion, ‘‘atrophic and streaked musculature 
of the limbs’’ has been noted.'4 
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Neuromuscular Function—Muscle weakness and paralysis occur in various 
clinical situations in which hypokalemia and/or potassium depletion are present, 
and they have been produced in experimental studies in dogs*° and rabbits.' 
Neither the incidence nor the magnitude of weakness and paralysis are apparently 
related to the degree of hypokalemia and/or potassium deficiency per se; in 
fact, they may be seen in situations in which hyperkalemia is present.* 

Although the actual mechanism responsible for the paralysis remains un- 
known, information which is helpful in understanding why it may be present 
in some cases of hypokalemia and potassium depletion and absent in others 
has been advanced in studies of the relationship of muscle function to move- 
ment of potassium in and out of muscle in normal subjects!!® and in patients 
with familial periodic paralysis.'8 

It was found in normal subjects that maneuvers which increased extra- 
cellular potassium concentration and probably decreased or did not affect in- 
tracellular concentration, so that the ratio of intracellular to extracellular 
potassium concentration was probably decreased, were associated with increase 
in contractility of muscle and ease in depolarization by acetylcholine. These 
phenomena were attributed to a reduction in resting muscle membrane potential. 
Conversely, manipulations which probably resulted in an increased intracellular 
to extracellular potassium concentration ratio were associated with a decrease 
in ease of depolarization with acetylcholine which was attributed to an increase 
in the resting membrane potential. 

Studies on patients with familial periodic paralysis revealed that attacks 
of weakness which occurred spontaneously or following the administration of 
food, glucose, or insulin were associated with reduced plasma concentrations 
and increased muscle uptake of potassium as well as reduction in muscle re- 
sponsiveness to nerve stimulation and acetylcholine and reduction in propagation 
of excitation and in contractility. Presumably, in this situation, the unrespon- 
siveness resulted from increase in membrane potential secondary to an increased 
intracellular to extracellular potassium concentration ratio. 

On the basis of these studies, the authors postulated that muscle weak- 
ness and paralysis occur in familial periodic paralysis when the muscle membrane 
potential is increased as a result of increase in the ratio of intracellular to ex- 
tracellular potassium concentrations effected by movement of potassium into 
muscle cells, and they presume that paralysis results in other situations as- 
sociated with hypokalemia and/or potassium deficiency when, for various 
reasons, the ratio is increased. The relatively infrequent occurrence of paralysis 
in potassium depletion as compared to familial periodic paralysis might be a 
reflection of the fact that in many situations intracellular and extracellular 
potassium concentrations are decreased and therefore the ratio between the 
two tends to remain constant. These postulations are based on the assumption 
that increased uptake of potassium by muscle cells results in increased intracel- 
lular concentration of potassium, an assumption which is not necessarily true. 
Furthermore, it has been pointed out that the total concentration of potassium 
inside and/or outside of cells may be of less importance than the levels of ionized 
potassium. 
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Since hypokalemia, in contrast to hypocalcemia, promotes decreased neuro- 
muscular irritability, it might be anticipated that tetany would not accompany 
potassium depletion. Indeed, it has been pointed out that hypocalcemic tetany 
may be masked by hypokalemia and appear only when potassium stores are 
repleted.*° Tetany has been observed, however, in potassium deficiency in the 
presence’7:?°6.207.224 but also in the absence’’:»*:%° of hypocalcemia. The reasons 
for this are not clear. It has been suggested that the extracellular alkalosis that 
frequently accompanies potassium depletion may be responsible for diminished 
concentration of ionized calcium. Extracellular alkalosis and slightly depressed 
levels of serum calcium have been present in many of the cases in which tetany 


6.224 and in several reports where calcium levels were normal*:?% 


occurred,*7:?° 
there had been a recent change toward hypokalemia and alkalosis. This explana- 
tion is no doubt an oversimplification and serves to emphasize the need for more 
information regarding the interrelated effects of the levels of potassium, calcium, 
pCOs, pH, magnesium, and perhaps other factors, on neuromuscular irritability. 

A related interesting phenomenon that has been observed concerns abnormal 
electroencephalograms associated with potassium depletion, with restoration to 
normal following the administration of potassium.% 


EDEMA 


The association of edema with potassium depletion** has been commented 
on both in experimentally induced deficits in man and lower animals and in a 
clinical context as well. Kornberg and Endicott’ described hydrothorax, ascites, 
submucosal intestinal edema, as well as striking separation of the lobules of the 
pancreas in experimental potassium depletion in the rat. A positive balance of 


sodium in excess of the negative balance of potassium has been observed by 
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210.212 The discrepancy can be quite striking and in one instance" 
there was a negative balance of potassium of 278 mM. and concomitant positive 
balances of sodium and chloride of 1,102 and 649 mM., respectively. Evidence 
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of increased extracellular fluid volume has been presented':.38:7926 as well 
as of an increase in the calculated chloride space of muscle tissue.?9:59:!27-149,185,236 
The augmented excretion of sodium and the loss of weight and edema during 
potassium repletion has likewise been reported.'*:!>.58.%6,234,256 Jn some instances 
the edema appeared during the early phase of repletion, to be followed by a 
diuresis as the potassium deficit was more completely corrected.**:?%4 

In some instances the edema might have been ascribed to coexisting nu- 
tritional deficiencies, including hypoalbuminemia,**:!.5*> were it not for the 
fact that the edema disappeared with replacement of the potassium deficit 
unaccompanied by an improvement in the level of serum albumin. In one study 
of acute potassium depletion induced by artificial hemodialysis,?™ the sucrose 
space was unaltered but the plasma volume was expanded. 

It may not be too difficult to offer an explanation for the development of 
edema in the early phase of repletion with potassium. In this circumstance the 
entrance of potassium into the cells is accompanied by a release of sodium to 
the extracellular fluid. This can be likened to the sudden accession of an equiva- 
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lent quantity of sodium from an exogenous source. If appropriate quantities of 


water are retained with the sodium, there is an isotonic expansion of the extra- 
cellular fluid compartment. There is frequently a lag in the dissipation of such 
an expansion. It is more difficult to understand the retention of sodium in excess 
of that which replaces potassium in the cells during the development of the 
depletion. This can hardly be ascribed to an increased secretion of aldosterone, 
since the evidence suggests that potassium depletion is associated with a dimin- 
ished excretion of this hormone.'*! A depressed glomerular filtration rate is some- 
times associated with potassium depletion. Since there is a correlation between 
the filtered load of sodium and its rate of excretion in the urine, a depressed 
GFR might be responsible for the retention of sodium in some instances. Although 
there are unequivocal myocardial lesions and alterations in the ECG during 
potassium depletion, there is no convincing evidence that these structural and 
functional abnormalities eventuate in heart failure which, in turn, might promote 
sodium retention; neither are there obvious disturbances in those factors which 
are thought to stimulate ‘‘volume receptors.’’° It is possible that some specific 
alteration in the composition and, hence, function of the renal tubular cells is 
responsible for this sodium retention. A deficiency of potassium in key cells of 
the renal tubule may well be responsible for a more favorable competitive position 
of hydrogen ions vis-a-vis potassium for exchange with sodium, but this does 
not offer an explanation for an increased reabsorption of sodium. The avidity 
of potassium-depleted renal tubular cells for another cation of equal charge 
might somehow promote the uptake of sodium from the tubular lumen, but 
there are no data to support this. In fact, in contrast to other tissues there is 
no increase in the sodium content of the potassium-depleted kidney. 


Regardless of the responsible mechanism, it is clear that expansion of the 
extracellular fluid compartment may occur during the development of potassium 
depletion and in the early stages of repletion. On the other hand, the authors 
have not been impressed either with the frequency or the severity of this compli- 
cation of potassium depletion. It would be wise, nevertheless, to bear this com- 
plication in mind whenever an increased volume of extracellular fluid may have 
particularly deleterious effects. 
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Y comparison with the attention lavished by renal physiologists on some 

other simple substances, the interactions between calcium and the kidneys 
might properly claim to have been neglected. Our notions of the mechanisms 
controlling the renal excretion of calcium, and of the functional effects of a surfeit 
or deficit of calcium upon the kidneys, are relatively fragmentary. The deficiency 
of our knowledge arises in part from the fact that the chemical determination 
of calcium in blood, urine, and tissues has been somewhat more tedious than, 
say, that of sodium or para-aminohippurate, but, more importantly, from the 
complexity of the physicochemical state of calcium in body fluids. 

Of the 10 mg. per 100 ml. (2.5 mM. per liter) of calcium present in normal 
serum, 60 to 70 per cent is ultrafiltrable through a cellophane membrane at a pH of 
7.4 and a temperature of 37° C.! The nonfiltrable fraction is reversibly bound to 
serum protein (80 per cent of this is attached to albumin?) and its entry into 
extravascular fluids such as gastrointestinal, interstitial, and cerebrospinal 
fluids and the glomerular filtrate is therefore restricted. Most of the ultrafiltrable 
calcium is ionized as Ca*+t, but a small fraction is in the form of soluble com- 
plexes linked chiefly with citrate, phosphate, and bicarbonate. These relationships 
are summarized in Table I. Other multivalent anions, such as sulfate and fer- 
rocyanide, also form complexes with calcium, and, when their concentration 
in serum is artificially raised, calcium may be bound in such large amounts as 
to induce tetany. The importance of sulfate and phosphate in the formation 
of ultrafiltrable calcium complexes is increased in renal insufficiency, when these 
anions accumulate in the serum. In such abnormal states, many other variables 
influence the concentration of diffusible and ionized calcium in the serum, in- 
cluding pH, bicarbonate, citrate, and other organic acids, as well as the serum 
concentrations of albumin, globulin, and abnormal serum proteins. 
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TABLE I. THE STATE OF CALCIUM IN 100 ML. oF NORMAL SERUM* 


Total calcium (10.0 mg.) 


I. Nonfiltrable (3.5 mg.) 
\. Albumin (2.8 mg.) 
B. Globulin (0.7 mg.) 


II. Filtrable (6.5 mg.) 
A. Cat+t (5.3 mg.) 
B. Complexes (1.2 mg.) 
1. Bicarbonate (0.6 mg.) 
2. Citrate (0.3 mg.) 
3. Phosphate (0.2 mg.) 
4. Others (?) 


*After Neuman and Neuman * 


The state of calcium in the urine is even more complicated. Here, anions 
which bind calcium are present in concentrations considerably higher than in 
serum; their influence, however, is conditioned by the wide variations in total 
ionic strength and pH of urine. The solubility product of CaHPO, is so far 
exceeded by the concentrations of calcium and phosphate generally present in 
normal urine that, were it not for modifying factors, renal calculi might be 
nearly universal. Of all the organic substances in urine which bind calcium, 
citrate is the most powerful. Other members of the citric acid cycle, as well as 
tartrate, gluconate, glucuronate, ascorbate, carbonate, and lactate’ form com- 
plexes with calcium to lesser degrees. In addition, amino acids® and urea’ appear 
to have the property of increasing the solubility of calcium salts. The elevated 
urinary excretion of amino acids in persons with Fanconi’s syndrome may explain 
why, although hypercalciuria is characteristic of this disease, renal calculi are 
not.° 

At neutral pH, in a liter of urine containing 100 mg. (2.5 mM.) of calcium 
and 480 mg. (2.5 mM.) of citrate, 60 per cent of the calcium would be chelated 
as (CaCit); this fraction would drop to 40 per cent at pH 5.0.°!° If this urine 
contained 20 mM. of sulfate per liter, 25 to 30 per cent of the remaining calcium 
would be electrostatically complexed by sulfate.*!! Many phosphate compounds 
have a strong affinity for ionized calcium, which in the case of some polymeric 
phosphates exceeds that of citrate.4 Calcium bound in the above ways is probably 
reabsorbed less readily than Cat+ by the renal tubules from tubular urine. 
Different complexes may be reabsorbed at different rates. The significance of 
urinary calcium, then, cannot be fully evaluated without appreciating the extent 
to which complex formation may alter the physicochemical state of calcium in 
the urine as well as in the glomerular filtrate from which it was derived. 


*This representative calculation neglects (among other things) the effect of urinary magnesium 
which would compete with calcium for chelators, but which increases the solubility of hydroxyapatite. ; 
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INTAKE AND OUTPUT OF CALCIUM 


The usual American diet contains 800 to 1,000 mg. of calcium per day”; this 
can be reduced to 200 mg. by eliminating all milk and milk products. The in- 
testinal absorption of calcium, like that of iron, is conditioned by the degree 
of depletion or surfeit of body stores. Calcium deprivation results in more efficient 
absorption of ingested calcium, a slow adaptation which depends upon the avail- 
ability of vitamin D.'* In addition to calcium in the diet, a considerable contribu- 
tion to the amount of calcium entering the bowel is made by the digestive secre- 
tions, in which the concentration of calcium may vary from 5 to 10 mg. per 100 
ml.'* It has been estimated that 0.3 to 0.7 Gm. of calcium is secreted into the 
bowel each day.'® Even when the intake of calcium is low, therefore, unavoidable 
losses of calcium in the stool result from its precipitation as insoluble salts of 
carbonate, phosphate, and fatty acids in the alkaline intestinal fluids. For ex- 
ample, on a daily diet containing only 110 mg. of calcium, Bauer, Albright, and 
Aub” found that the average daily loss in the feces was 200 mg. 

The average adult ingesting 800 mg. of calcium daily excretes 75 to 85 per 
cent of this amount in the feces.'*:'6 If he is in calcium balance and the processes 
of skeletal accretion and resorption are approximately equal, the remainder 
appears in the urine. Calcium injected intravenously into a normal person does 
not alter the total quantity of fecal calcium,!”'® although it exchanges with 
calcium in the intestinal tract.** Such intravenous loads of calcium are eventually 
excreted via the kidneys.'* Measurement of the rate of urinary excretion of 
calcium following its intravenous administration has been proposed as an index of 
osteolysis or osteogenesis,'!® but in patients with cancer the results are poorly 
reproducible and do not reliably predict those persons with osteolytic disease.?° 

In a classic statistical study, Knapp?! concluded that the urinary excretion 
(and, presumably, intestinal absorption) of calcium in normal persons was 
related in an exponential fashion to dietary intake as well as to body weight 
(Fig. 14).2! Although on a given intake women are said to excrete less calcium 
in the urine than men, and children less than adults, it would appear that skeletal 
weight, or quantity of bone as reflected in total body weight, is the factor re- 
sponsible for the apparent influence of age and sex upon urinary calcium ex- 
cretion.2! When calcium excretion is corrected for differences in weight, the 
differences between the sexes and between children and adults disappear. Because 
of the large amount of dietary calcium appearing in the stool, but also, perhaps, 
because of the enormous body reservoir of calcium,* rather large changes in the 
intake of calcium produce relative small changes in its daily intestinal absorption 
and urinary excretion (Fig. 1B). In fact, as many observers have noted, varia- 
tions among normal persons on a standard diet may greatly exceed the change in 
urinary calcium in any one individual when his intake of calcium is altered as much 
as fourfold. Thus, in 15 normal adults studied by Nicolaysen," the daily urinary 
calcium of persons ingesting 900 mg. per day averaged 230 mg., but varied from 


*From 1,000 to 2,000 Gm. of calcium are in the skeleton of a normal adult weighing 70 Kg., i.e., 
1,000 to 2,000 times the daily intake or (urinary plus fecal) output. By comparison, the human body 
contains only 50 to 100 times its usual intake or output of sodium or potassium. 
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100 to 430 mg.; however, in any individual the excretion of calcium was re- 
markably constant. Halving the intake of calcium resulted in only a small average 
reduction in urinary output (about 20 mg.), although in 1 subject the urinary 
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Fig. 1A4.—The relationship between urinary calcium expressed as percentage of intake and the 
calcium intake in milligrams per kilogram daily. Logarithmic scales are used for both ordinate and 


abscissa. Mean, maximum, and minimum normal values are plotted as lines. The data include 606 
studies from subjects 1 to 8) years of age. (Reprinted by permission from Knapp, E. L.?!) 
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Fig. 1B.—Relation of the daily oral intake of calcium to its urinary excretion. The heavy line indi- 
cates the mean of normal subjects from 1 to 80 years of age. The dotted lines connect values obtained 
from individual normal adults studied at two levels of calcium intake. Note that the scale for urine 
calcium, on the ordinate, is twice as large as that for calcium intake, on the abscissa, thereby increasing 
the apparent slope of the lines. (This figure is redrawn on linear coordinates from data depicted in Fig. 6 
of Knapp, E. L.”!) 
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calcium was reduced from 418 to 257 mg. A similar experiment by Hodgkinson 
and Pyrah in 32 patients with renal calculi is illustrated in Fig. 2.%?3 These 
workers reported that 90 per cent of normal adults excreted less than 300 mg. 
of calcium daily when taking a diet containing 800 = 200 mg. On a diet containing 
130 to 170 mg. of calcium, 90 per cent of adults excrete less than 175 mg. per day. 
Studies like those illustrated in Fig. 2 suggest that if the relation between intake 
and excretion is borne in mind (Figs. 14 and 1B), the presence or absence of 
hypercalciuria can be ascertained without the necessity of subjecting a patient 


to a low-calcium diet for several days. 
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Fig. 2.—The urinary excretion of calcium by 32 patients with stones on normal and low-calcium 


diet. The dotted lines denote proved cases of hyperparathyroidism. (Reprinted by permission from 
Hodgkinson, A., and Pyrah, L. N.”) 


FACTORS INFLUENCING THE RENAL EXCRETION OF CALCIUM 


Of perhaps 9 Gm. of calcium filtered at the glomerulus by a healthy adult 
in the course of a day, 98 per cent or more is normally reabsorbed by the renal 
tubules. If the concentration of diffusible calcium in serum and glomerular 
filtrate falls, thereby decreasing the quantity of calcium filtered per minute, 
calcium reabsorption approaches 100 per cent. If serum proteins are normal, 
urinary calcium is generally negligible when serum calcium is below 7.5 mg. 
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per cent.” (It is not clear whether excretion of calcium similarly ceases if calcium 
filtration is acutely lessened by a decrease in glomerular filtration rate—pro- 
duced, for example, by compressing the renal artery.) These relationships are 
diagrammed in Fig. 3, taken from Thompson.” Chronic depression of the glomer- 
ular filtration rate tends to decrease calcium clearance” and may result in normal 
or low values for urinary calcium despite an increase in the filtrable calcium 
of serum. Thus, calcium excretion below 200 mg. per day may be encountered 
in the milk-alkali syndrome*** or in hyperparathyroidism, even when the serum 
calcium is elevated, once renal insufficiency has supervened. 


Poulos?® and Chen and Neuman?’ found no evidence in dogs of a maximum 


limiting rate of tubular reabsorption of calcium (Tm.), i.e., reabsorption continued 


to rise as glomerular filtration of calcium was progressively increased by calcium 
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Fig. 3 Normal relationship between the quantities of calcium filtered, excreted, and reabsorbed 
at various plasma calcium concentrations. (Reprinted by permission from Thompson, D. D.*5) 


infusions. This is reminiscent of the behavior of sodium and chloride ions. Pre- 
sumably most of the calcium is reabsorbed in the proximal tubules, together 
with 80 per cent of the volume of glomerular filtrate.** During intense mannitol 
diuresis, a maneuver designed to deliver to the bladder urine resembling ‘‘prox- 
imal” tubular fluid,?® the concentration of filtrable calcium in the urine is lower 
than that of serum, suggesting that active reabsorption of calcium against a 
chemical gradient occurs in proximal tubules.?’7 Such conclusions must be in- 
terpreted in the light of data derived from ‘‘stop-flow’’ experiments in which 
the concentration of calcium reached its lowest point in fractions of tubular 
urine thought to be derived from ‘‘distal’’ segments of the nephron.*®*! The 
injection of metabolic inhibitors such as dinitrophenol and sodium azide in- 
creases renal excretion of calcium,” presumably by inhibiting its ‘‘active’’ tubular 
transport. 

Osmotic diuresis induced by mannitol,’ sucrose,!! sodium bicarbonate,!!*° 
or sodium chloride'! is associated with an increase in the excretion of calcium. 
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Water diuresis, on the other hand, does not greatly affect urinary calcium ex- 
cretion.*» The nonspecific effect of solute diuresis in decreasing calcium reabsorp- 
tion must be borne in mind when evaluating the influence of various diuretics 
upon calcium per se. Thus, the glycosuria induced by phlorhizin may be respon- 
sible for the increase in urinary calcium which results from its administration.” 

Acetazolamide, an inhibitor of carbonic anhydrase, did not alter calcium 
excretion in unanesthetized dogs” or rats.*** It would seem justifiable to conclude 
from such data that hydrogen ion exchange in the renal tubules does not play 
an important part in calcium reabsorption. On the other hand, infusions of 
acetazolamide are said to increase the excretion of calcium acutely in human 
subjects*® and in dogs given the large dose of 20 mg. per kilogram dissolved in 
1 per cent Na2CO;.** The latter results must be interpreted with due regard for 
the nonspecific effects of solute (bicarbonate) diuresis on calcium excretion. 

Metabolic acidosis, whether induced by uncontrolled diabetes,” by the 
ingestion of ammonium chloride or hydrochloric acid,***4 or by chronic inability 
of the kidneys to conserve bicarbonate (renal tubular acidosis), is regularly 
attended by hypercalciuria. Respiratory acidosis, on the other hand, does not 
increase urinary calcium in either dogs*® or rats.“ Since respiratory acidosis 
does not decrease bone calcium“ but does (like ingestion of ammonium chloride) 
promote the excretion of an acid urine containing large amounts of chloride,*® 
it seems probable that the calciuria of metabolic acidosis arises primarily from 
the dissolution of bone rather than from the requirement for calcium as a urinary 
cation. It is of interest that the ingestion of sodium acid phosphate (NaH»PO,) 
does not increase the excretion of calcium, even though the urine is acidified 
(see below).*! The fact that most acidifying regimens promote the urinary excre- 
tion of calcium must be borne in mind in therapeutic attempts to acidify the 
urine in patients with renal calculi. 

An increase in dietary protein promotes the urinary excretion of calcium, 
an effect which cannot be entirely explained by the acidifying nature of the 
diet.?'*! The ingestion of an alkaline-ash diet (6 to 12 Gm. of sodium citrate or 
sodium bicarbonate daily) by normal subjects does not alter urinary calcium 
appreciably.* 47/48 

Increases in dietary phosphorus diminish the urinary output of calcium, 
although in man calcium absorption from the intestinal tract is apparently 
unchanged.*!49 The mechanism may therefore involve a change in the rate 
of calcium and phosphorus deposition in bone. (Large infusions of sodium phos- 
phate into dogs sweep large amounts of calcium into the urine; under these 
circumstances 80 per cent of the urinary calcium can be accounted for as an 
undissociated complex of phosphate and calcium.?’) Calcium cannot be deposited 
in bone without phosphorus. Decreasing dietary phosphorus might therefore be 
expected to increase urinary calcium, and low-phosphorus diets have in fact 
been implicated as a cause of renal calculi in animals.°°*! This is of special in- 
terest because of the suggestion that preventing the intestinal absorption of 
phosphate by the use of aluminum gels may be beneficial in patients with renal 


*Citrate excretion is decreased in rats*® and humans*’ but not in dogs*®® given acetazolamide. 
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stones.” Increases in urinary calcium were indeed observed by Shorr and Carter 
in patients treated in this way, though they stated that the increase was usually 
transient.” 

Calcium excretion increases following the administration of magnesium.” 
It is not clear whether this is a result of a decrease in renal tubular reabsorption 
induced by competition between the two divalent ions or of an increase in the 
filtrable calcium of plasma, displaced by magnesium from combination with 
albumin.*! 

It might be expected, from the readiness with which calcium forms soluble 
stable complexes with other ions, that changes in the rate of calcium excretion 
could be accomplished by altering the rate of excretion of the ligand, or com- 
plexing ion. When sodium sulfate is infused into dogs, the resulting increase 
in calcium clearance is five times greater than during comparable diuresis induced 
by NaCl, NaHCOs, or sucrose."' Presumably this is a consequence of the com- 
plexing of calcium by sulfate, which renders it less readily reabsorbed by the 
renal tubules. An extremely stable chelation complex with calcium is formed by 
ethylene diamine tetraacetic acid (EDTA) and infusions of sodium EDTA have 
been proposed as a method of treating hypercalcemia by binding calcium in the 
serum and forcing its excretion in the urine.® Unfortunately such infusions have 
been reported to result in severe damage to renal tubules.** 

The relationship of citrate to urinary calcium is of particular interest. 


A good deal of the citrate which normally appears in the urine is probably manu- 


factured by the kidney; citrate accumulation proceeds more rapidly in this 
organ than in any other when fluoroacetate, which blocks its removal, is injected.*” 
Infusions of sodium citrate cause large increases in urinary calcium in dogs*®® 
and rats,®® exceeding those changes which accompany the administration of an 
equivalent amount of sodium bicarbonate.** Such infusions are associated with 
an increase in the concentration of citrate in plasma (and therefore of [CaCit]~in 
the glomerular filtrate). The zgestion of sodium citrate* or of citric acid®® does 
not affect urinary calcium; presumably when taken by mouth citrate is so rapidly 
metabolized to bicarbonate that plasma citrate is scarcely altered. Urinary 
calcium is similarly unaffected by the addition of sodium bicarbonate to the diet.‘” 
The excretion of citrate in the urine is nevertheless increased by the ingestion 
of alkali, whether this be sodium citrate or sodium bicarbonate,® as well as by 
respiratory alkalosis.*®:® Citrate excretion can similarly be increased by the 
administration of estrogens, without affecting the excretion of calcium.” It is 
difficult to escape the conclusion that under these circumstances citrate is added 
to the urine in the nephron after most of the calcium filtered at the glomerulus is 
reabsorbed. 

The importance of urinary citrate in solubilizing calcium in the urine is 
underlined by the experiments of Harrison and Harrison.** By feeding acetazol- 
amide to rats, they reduced citrate excretion precipitously, without changing 
the urinary output of calcium. Under these conditions, calcium precipitated 
in the medullary tubules and renal calculi formed in the pelvis of the kidneys. 
The rapid disappearance of citrate from infected urine may be one reason why 
urinary infection predisposes the kidney to calculus formation. 
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When a normal person is placed on a diet devoid of salt, his urinary excretion 
of sodium practically ceases within 2 to 4 days. A similar adaptation occurs in 
the case of potassium, though not as quickly or as completely, when this element 
is removed from the diet. By comparison, renal conservation of calcium is slug- 
gish. Bauer, Albright, and Aub” found that 3 to 4 days after placing normal sub- 
jects on a diet containing only 100 mg. of calcium daily, urinary excretion averaged 
63 mg. and in some persons was as high as 150 mg.; because of fecal losses, all 
of their patients on this regimen developed negative calcium balance. In patients 
whose intake of calcium has been excessive for many years and whose calcium 
stores are presumably larger than normal, urinary losses of calcium may continue 
to exceed the dietary intake for several months after they are placed on a low- 
calcium diet.® Caution must be exercised in interpreting the continued excretion 
of calcium in the urine under these circumstances as a primary renal defect.* 
If the skeleton is sufficiently depleted, on the other hand, the kidneys are ap- 
parently capable of retaining calcium avidly. Thus, Liu and associates®’ found 
urines practically free of calcium in their patient with osteomalacia, despite a 
normal serum calcium and an adequate (1,000 mg.) intake. The day-by-day 
sequence of events involving the kidney which occur when calcium is withdrawn 
from the diet does not appear to have been carefully detailed in the literature. 
Nevertheless, an approximation may perhaps be derived from studies like those 
of Henneman and co-workers’’:7§ on the addition to the diet of sodium phytate, 
which binds calcium in the intestinal tract and prevents its absorption. This is 
frequently followed by a prompt reduction in urinary excretion of calcium, often 
without a measurable change in the concentration of calcium in the serum.* Pre- 
sumably, under these circumstances tubular reabsorption of calcium from 
glomerular filtrate is increased. How is the kidney stimulated to do this? 


INFLUENCE OF THE PARATHYROID GLANDS ON RENAL EXCRETION OF CALCIUM 


In a series of ingenious experiments in rats®®:7° and mice, 7! Talmage demon- 
strated that the parathyroid glands exert an important controlling influence 
on the renal threshold for calcium. Immediately after parathyroidectomy, 
urinary calcium increased at the same time that serum calcium declined. Only 
after serum calcium fell below 7 mg. per cent did urinary calcium fall below 
normal levels. When parathyroid extract was injected, calcium excretion initially 
diminished at the same time that calcium in the serum was rising. When plasma 
calcium rose higher, hypercalciuria appeared. Similar observations have been 
made in dogs and humans by Kleeman and associates.”? Urinary excretion of 
calcium was considerably greater when hypercalcemia was produced by infusing 
calcium alone than when it accompanied injections of parathyroid extract. 
That parathyroid hormone increases the renal reabsorption of calcium is supported 
by the observation that in its absence hypercalciuria occurs in parathyroidect- 
omized patients maintained on calcium and vitamin D or A.T.10, even though 


*These experiments are complicated by the fact that the ingestion of phytate increases the intake 
of phosphorus, which itself may alter calcium excretion. In the experiments cited this did not appear 
to be an important factor in decreasing urinary calcium. 


Syren J. Chron. Dis. 
264 EPSTEIN March; 1960 


their serum calcium may be below normal.” (For this reason, to prevent long- 
term complications of hypocalcemia in the management of hypoparathyroid 
patients, qualitative tests of calcium excretion using the Sulkowitch reagent”! 
should not entirely substitute for determinations of serum calcium.) It follows 
from the influence of parathyroid hormone on the renal threshold for calcium 
that the urinary excretion of calcium may be normal in some hyperparathyroid 


patients whose serum calcium is elevated, even when glomerular filtration is 


as yet unimpaired.*:” This influence of parathyroid hormone on calcium re- 
absorption should be distinguished from its well-known effect of increasing the 
renal excretion of phosphate.” It is tempting to speculate that adjustments 
in the level of renal reabsorption of calcium and its excretion by the kidneys 
are accomplished in healthy persons and in many disease states chiefly through 
the mediation of the parathyroid glands. 


HYPERCALCIURIA 


Hypercalciuria accompanies a variety of conditions characterized by resorp- 
tion of bone or excessive intake or absorption of calcium from the intestinal tract 
(Table 11). Perhaps 30 per cent of all patients with calcium-containing stones 
excrete somewhat larger amounts of calcium in the urine than normal.*:76 In 
most of these patients, serum calcium is not elevated and there is no evidence 
of bone disease. Serum phosphorus is often slightly depressed, but the parathyroid 
glands are normal.’’ Although it has been suggested that this ‘‘idiopathic hyper- 
calciuria”’ is primarily renal in origin,*‘ the kidneys of patients with this syndrome 
are able to reduce calcium excretion when the absorption of calcium is prevented 
by sodium phytate,’’ and it would therefore appear that excessive absorption 
of calcium by the intestines may be at fault. A similar mechanism is apparently 
responsible for the hypercalciuria of sarcoid’*; however, the latter is improved 
by cortisone, whereas hypercalciuria of the idiopathic variety is intensified by 
cortisone. Excessive absorption of dietary calcium, if it decreased parathyroid 
secretion, might be expected to decrease renal tubular reabsorption of calcium 
and to result in amounts of urinary calcium larger than normal at normal plasma 
levels. 

It seems clear that although hypercalciuria is one factor which influences 
the formation of renal stones, it is not the only or even, in many cases, the most 
important one.**:7? Many patients with calculi continue to form stones (even 
in the absence of urinary infection) although their urinary excretion of calcium 
is normal or low. On the other hand, hypercalciuria without stone formation 
is not infrequently encountered. For example, hyperthyroid persons regularly 
excrete calcium in excess of 300 mg. per day*!; renal calculi are nevertheless 
extremely rare in hyperthyroidism. In order for crystals to form spontaneously 
from a solution of calcium and phosphate supersaturated with respect to hydro- 
xyapatite, they must be seeded. Randall*® suggested that tiny calcified plaques, 
formed at the tip of a renal papilla, might serve as a nidus for crystal formation 


*Epidemiologic studies of the incidence of renal calculi suggest that this is lowest in the north 
central dairy states and highest in the southeastern states, where milk consumption is low.8° 
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in some patients with calcium stones. There is evidence that because of their 
spatial orientation, certain mucopolysaccharides may act as templates for the 
formation of apatite crystals‘: and that the organic matrix of calcium-containing 
kidney stones is composed of such carbohydrate-protein combinations.* Altera- 
tions in the amount and character of urinary mucopolysaccharides may therefore 
play a decisive role in the pathogenesis of renal stones.* 


TABLE II. Causes oF HYPERCALCIURIA 


Dissolution of bone 
Hyperparathyroidism 
Metastatic cancer 
Multiple myeloma 
Progressive ‘‘senile’’ osteoporosis 
Cushing’s syndrome and the administration of 
adrenal steroids 
Immobilization 
Renal tubular acidosis 
Hyperthyroidism 
Fanconi’s syndrome (phosphate diabetes) 
Excessive ingestion or absorption of calcium 
Milk-alkali syndrome (initially) 
Vitamin D intoxication 
Boeck’s sarcoid and beryllium poisoning 
“Idiopathic” hypercalciuria 
Idiopathic infantile hypercalcemia 


EFFECTS OF CALCIUM UPON RENAL STRUCTURE 


In addition to the formation of renal stones, with their frequent sequelae 
of pelvic and ureteral obstruction and pyelonephritis, severe hypercalciuria may 
result in diffuse deposition of calcium in the renal parenchyma. In the kidney, 
as in other organs, calcium frequently precipitates in dead or dying tissues.*® 
The nephrocalcinosis seen in mercury or uranium poisoning, or occasionally in 
chronic glomerulonephritis,*’ is different in location and functional effect from 
that which follows, say, parathyroid intoxication or the milk-alkali syndrome. 
In the former states, calcium is deposited chiefly in the cortex, in proximal 
tubules specifically damaged by the toxin or by nephritis. In diseases characterized 
by hypercalciuria, on the other hand, calcification has a tendency to occur pre- 
dominantly in the collecting ducts and in the medulla. Bell®* found in a case of 
hyperparathyroidism that all the calcium was in the medulla in the shape and 
direction of collecting tubules. In experimental studies of vitamin D poisoning 
in dogs, Steck and coauthors*® described the earliest and most numerous lesions 
in the collecting tubules, where cells were injured with and without histologically 
demonstrable precipitates of calcium. With more severe intoxication, calcium 
deposition extends generally throughout the kidney to involve the thin loops 
and convoluted tubules, as well as, in advanced instances, the glomeruli and 
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renal vasculature.**-*? In the later stages of nephrocalcinosis, and notably in 
chronic hyperparathyroidism, the deposits of calcium are predominantly in- 
terstitial.™ 

It might be anticipated that calcium phosphate would precipitate more 
readily in alkaline urine, and Gough, Duguid, and Davies® found that nephro- 
calcinosis was indeed more pronounced when an alkaline-ash diet was fed to 
rats receiving calciferol. Most patients in whom renal calcinosis has been re- 
ported as a result of excessive milk drinking have also ingested large amounts 
of alkali, generally in the course of treatment for peptic ulcer.**:*4 

The nature of the lesions associated with hypercalcemia has been clarified 
by studies using the techniques of microdissection®*-°8 and electron microscopy.*? 
After only 24 hours of parathyroid extract given to dogs in sufficient dosage to 
establish hypercalcemia of 15 to 19 mg. per cent, degenerative and necrotic 
changes appeared in microdissected nephrons in focal areas of the ascending 
loop of Henle, the distal convolution, and throughout the entire collecting system, 
where they were more severe and more numerous” (Fig. 4). Basement membranes 
in regions of epithelial necrosis were frequently calcified. Casts of calcified 
epithelial debris obstructed some tubules and caused dilatation of the nephron 
proximal to the obstruction. Proximal convoluted tubules were relatively un- 
involved. The absence of obvious structural changes in the glomeruli suggested 
that the marked fall in glomerular filtration rate which accompanied hyper- 
calcemia of this magnitude was contributed to by obstruction in the collecting 
system or changes in renal blood flow. One to 6 weeks following parathyroid 
injection, after the serum calcium had been allowed to return to normal, fatty 
changes were noted in the same locations, together with proliferative collections 
of regenerating epithelial cells. Calcification, initially intracellular or intratubular, 
later appeared in an interstitial position as regenerating epithelium grew into 
or around the calcified intraluminal casts in the medullary collecting ducts. 
Calcium content of the medulla was greatly increased, while that of the cortex 
was relatively unchanged. Similar changes in the collecting ducts and distal 
portions of the nephron have been noted in microdissection studies of the kidneys 
of rats intoxicated with vitamin D.°%8 In these animals as well, the increase in 
calcium content of the medulla, by chemical analysis, is much more striking 
than that of the cortex.* 

An increase in the mineral residue of the microincinerated proximal convolu- 
tion occurs after the injection of vitamin D or parathyroid extract into rats.% 
This may not be associated with histologic alterations obvious by the usual 
techniques and may be related to the increase in proximal reabsorption of calcium 
which undoubtedly occurs when the serum calcium is elevated. 

An excess of calcium inhibits oxidation by heart-muscle microsomes! 
and appears to uncouple oxidative phosphorylation.'"' Under certain conditions 
calcium ions cause swelling of mitochondria.'” After giving large doses of para- 
thyroid extract to rats, Engfeldt and co-workers,°*® using the electron microscope, 
observed changes in intracellular structure of renal tubular cells, with destruction 
of mitochondria. Such effects of calcium upon cell metabolism and ultrastructure 
may account for the changes in renal structure and function which accompany 
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hypercalcemia and hypercalciuria. The concentration of calcium in kidney tissue 
is normally higher in the medulla than in cortex and, in general, increases in both 
hydropenic and hydrated animals as the papilla is approached.!®% One might 
expect, therefore, that the injurious effects of calcium would be apparent first 
in the cells lining the collecting ducts. With more severe or prolonged hyper- 
calcemia, all portions of the nephron, including the proximal convolution, may 


be damaged. 99:104,19% 


Fig. 4.—Microdissection of medullary collecting tubules from the kidney of a dog which had re- 
ceived 94 units of parathyroid extract per kilogram in divided doses over 24 hours, 9 days before 
autopsy. Obstructive lesions and fatty changes are apparent. L; and L3 represent fixed intratubular 
calcified casts and proliferation of interstitial connective tissue which is adherent to the tubules. In 
segment B there are two obstructing casts at points labeled L2. Fatty change consisting of small dark 
droplets of intracellular lipid can be seen in all segments but is more prominent in the regions indicated 


by the arrows. (X 100.) 
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CLINICAL FEATURES OF CALCIUM NEPHROPATHY 


Perhaps the most dramatic clinical example of the deleterious effect of 
hypercalcemia on the kidneys is hyperparathyroid crisis, where serum calcium 
concentrations as high as 18 or 20 mg. per cent may be associated with initial 
polyuria, followed by dehydration, oliguria, and rapidly advancing azotemia.'* 
A similar sequence of events may occur acutely with carcinomatous invasion of 
bone,'*’ especially after treatment with estrogen or androgen,!°8 or with the 
osteoporosis of immobilization.!°° Prolonged hypercalcemia and/or hypercalciuria, 
associated with vitamin D intoxication,!® extensive paralysis,!"! sarcoidosis,!” 
excessive ingestion of calcium and alkali,* hyperthyroidism,'’ and hyperpara- 
thyroidism”*® may result in diffuse nephrocalcinosis and present as renal insuffic- 
iency insidious in onset and only slowly progressive. In such cases, severe impair- 
ment in renal function need not be associated with stones or even with radiologic 
evidence of calcification in the kidneys. 

Of 45 patients with hyperparathyroidism reported by Hellstrom,’ 37 had 
renal impairment as evidenced by an elevated blood nonprotein nitrogen or 
diminished ability to concentrate the urine. Polyuria and polydipsia may be so 
striking in hypercalcemic patients that diabetes insipidus is suspected.'® These 
symptoms are often out of proportion to the degree of azotemia. It has been 
suggested that in some instances hypercalcemia may cause polyuria by producing 
thirst,!!® but in most cases in which these symptoms are prominent the kidneys 
are unable to concentrate the urine much above the osmolarity of plasma, even 
when vasopressin is injected. Impairment of maximum urinary concentration 
is usually an early sign of calcium nephropathy. Certain hypercalcemic patients 
seem to retain the ability to concentrate urine normally; this is especially likely 
to be the case, in our experience, when the serum calcium is below 13 mg. per cent, 
although an elevated serum calcium is not a prerequisite for the concentrating 
defect.!” 

In more severe cases, there is usually a depression in glomerular filtra- 
tion rate and renal plasma flow, without a change in filtration fraction™®-!°; 
pari passu, the excretion of phenolsulfonphthalein is diminished. Tmpay is 
usually depressed out of proportion to the fall in inulin clearance.'!8:2° The 
urinary sediment may contain red blood cells, as well as leukocytes and white 
blood cell casts, even when urine cultures are repeatedly sterile.!2! Calcium 
phosphate casts are sometimes seen.** In many patients, however, the urine 
may be remarkably free of abnormal formed elements. Unless congestive heart 
failure is present, proteinuria is slight.’ Moderate anemia, normocytic and nor- 
mochromic in type, often appears in association with renal impairment.” 

Renal glycosuria was said to be present in 5 cases of vitamin D intoxication 
studied by Anning and colleagues!!®; this has not been reported by others. The 
ability of the kidneys to secrete an acid urine and to manufacture ammonium 
in response to acidifying salts was noted to be diminished in some hypercalcemic 
patients by Wrong and Davies.'*4 With the appearance of azotemia, the ability 
to conserve sodium may be impaired.* This is not a prominent accompaniment 
of mild calcium nephropathy, however. Gill and Bartter'’ found that patients 
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with hypercalciuria of various etiologies who demonstrated definite impairment 
of renal concentrating capacity all conserved sodium on a diet containing 9 
mEq. of sodium per day. 

It might be expected that extensive deposition of calcium in the renal sub- 
stance and subsequent scarring would result in hypertension. Hellstrom! 
reported that 50 per cent of his patients with hyperparathyroidism had elevated 
blood pressure; several more developed hypertension at varying intervals after 
parathyroidectomy. It is noteworthy that high blood pressure persisted in all 
but 1 patient after operation, suggesting that, when hypertension has appeared, 
scarring of the kidneys is present which cannot be completely reversed. Such 
patients may eventually die from the effects of progressive vascular disease, 
although renal insufficiency may remit temporarily when the serum calcium is 
returned to normal. 

The degree of reversibility of renal impairment induced by an excess of calcium 
is related to the extent of scar formation and permanent medullary obstruction 
by calcium precipitates as well as to the presence of vascular disease. Even after 
hypercalciuria is relieved, renal function may remain depressed or may deteriorate 
slowly when a parathyroid adenoma is removed,’ a milk-alkali diet is supplanted 
by one low in calcium, hyperthyroidism is controlled, or toxic doses of vitamin 
D are interrupted. This is especially likely in the presence of hypertension. In a 
study by Edvall!®° of 10 patients with hyperparathyroidism whose C;, or Cpau 
were markedly depressed before operation, not one showed improvement in these 
parameters when studied from 1 week to 16 months after parathyroidectomy, 
although concentrating ability was generally improved. On the other hand, 
after the disappearance of hypercalcemia and hypercalciuria, renal function 
may improve and continue to do so for several months or even years. Such gradual 
improvement is probably related to the hypertrophy of remaining undamaged 
renal tissue as well as to the slow dissolution of calcium deposits in the kidneys. 
Damage produced by hypercalcemia of short duration is as a rule more rapidly 
reversible; nevertheless, it is of interest that the blood urea nitrogen may remain 
elevated for over 2 months following hypercalcemia lasting only 24 hours, in- 
duced by parathyroid extract in dogs.!*® 

The presence or absence of infection also influences the course of calcium 
nephropathy. Patients with renal stones are notoriously susceptible to infection 
and one might predict that pyelonephritis would regularly accompany diffuse 
nephrocalcinosis, since medullary scars can be demonstrated to predispose the 
kidneys to experimental bacterial infection."*7 More than half of one series of 
hyperparathyroid patients had infected urine.''* Despite these considerations, 


it is important to emphasize that patients can develop progressive renal insuf- 
ficiency with extensively scarred kidneys, as a result of hypercalcemia and hyper- 
calciuria, without hypertension and with repeatedly sterile cultures of the urine 
as well as of kidney tissue removed by biopsy or at autopsy.*!"! 


*Experimental attempts in our laboratory to produce pyelonephritis by intravenous injection of 
bacteria in rats made hypercalcemic and nephrocalcinotic with vitamin D have thus far met with 
little success. 
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Hypercalciuria intense enough to cause severe functional damage to the 
kidneys is generally associated with an elevated serum calcium level; thus, the 
usual tests of renal function were normal in the cases of “‘idiopathic’’ hypercalci- 
uria studied by Henneman and colleagues.’77 Renal calcification can, however, 
be produced experimentally in rats, by a high-calcium diet, without inducing 
hypercalcemia but with the production of azotemia and impaired concentrating 
ability, which improve if a normal diet is resumed.!*° The depression in maximum 
urinary specific gravity sometimes seen in patients with extensive paralysis 
has been ascribed to hypercalciuria™! which may be unassociated with significant 
hypercalcemia.*)*° 


EFFECTS ON RENAL FUNCTION OF CALCIUM INFUSIONS 


The diuretic effect of intravenous calcium has been known for at least 50 
years’? and at one time calcium infusions were recommended for the treatment 
of edema.'® Infusions of calcium chloride or calcium gluconate into dogs," 
men,!*:!36 and monkeys" result in an acute increase in the excretion of sodium, 
chloride, and phosphate.t The losses of sodium, while significant, are not large 
enough to make calcium a really effective diuretic in edematous patients.*® 
Potassium excretion increases in the dog" and monkey,'™ but not in man.1%5.136 
The excretion of magnesium is also increased.“ Relatively small infusions of 
calcium gluconate (10 to 40 ml. of 10 per cent calcium gluconate in adult men) 
produced no appreciable change in glomerular filtration rate or renal plasma 
flow.’* Larger infusions in dogs (sufficient to produce a rise in serum calcium 
to 15 mg. per cent) were associated with an initial rise in glomerular filtration, 
followed by a fall."*? Still larger doses of calcium, with serum levels over 20 mg. 
per cent, induce greater falls in glomerular filtration rate associated with general- 
ized circulatory depression.”® 


MECHANISM OF HYPOSTHENURIA IN CALCIUM NEPHROPATHY 


Infusions of calcium are reported to decrease maximum urinary concentra- 
tion in dehydrated human subjects.'* Since calcium infusions induce a solute 
diuresis, however, they necessarily cause a fall in urinary concentration; this 
need not imply a reduction in the concentrating capacity of the kidneys. If solute 
excretion is intentionally fixed at a high rate by infusing mannitol, the changes 
in urine concentration induced by subsequent administration of calcium to 
human subjects are not impressive.* In mannitol-loaded dogs, on the other hand, 
decreases in TeH.O of 10 to 40 per cent are observed with infusions of calcium 
which raise serum calcium to 15 to 20 mg. per cent.'*7 The depression of the 
renal concentrating mechanism is, however, not nearly as marked as that seen 
after hypercalcemia of the same degree has been sustained for longer periods 
of time.!?6 


*In such chronically ill patients, the possibility that a low protein intake may result in decreased 


urinary specific gravity should be kept in mind.'*! 
+Phosphate excretion is depressed following the ‘nfusion, presumably as a consequence of diminished 


secretion of parathyroid hormone. 
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The alteration in renal concentrating capacity which is a hallmark of calcium 
nephropathy is most easily reproduced experimentally by the administration 
of large doses of vitamin D or parathyroid extract. In rats given 200,000 units 
of vitamin D subcutaneously for 4 days, maximum urinary solute concentration 
is severely impaired in association with hypercalcemia, without significant 
changes in blood urea nitrogen, urea clearance, or the ability of the kidneys 
to excrete phenolsulfonphthalein.®* The injection of 60 to 90 units of parathyroid 
extract per kilogram into dogs over a period of 24 hours results in hypercalcemia 
of about 15 mg. per cent, variable depression in glomerular filtration rate, and 
marked inability to concentrate the urine. When mannitol is infused into such an 
animal, the urine becomes more dilute than plasma despite a constant infusion of 
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Fig. 5.—Impairment of T°H2O in a dog after treatment with parathyroid extract. The heavy 
diagonal line is the isotonic parameter. Points above this line represent urines more concentrated than 
plasma; points below the line, urines hypotonic to plasma. Note that after administration of para- 
thyroid extract (black dots), urine became progressively more hypotonic with increasing mannitol 
diuresis, despite a constant intravenous infusion of vasopressin. (Reprinted by permission from Epstein, 
F. H., and associates.!?°) 


exogeneous vasopressin (Fig. 5).!® The same phenomenon has been demonstrated 
in a patient with hyperparathyroidism in whom improvement followed removal 
of the parathyroid adenoma.'*® Similar improvement in concentrating ability in a 
patient with multiple myeloma followed successful treatment of hypercalcemia 
with cortisone.*° Dimunition in hypercalciuria produced by dietary means 
resulted in improvement in concentrating ability (TeH,O) in patients with 
sarcoidosis and with idiopathic hypercalciuria studied by Gill and Bartter."” 


The mechanism of the impairment of concentrating ability with hypercal- 
cemia is not entirely clear. It would seem reasonable, since urine is concentrated 
in the collecting ducts by a process depending on countercurrent flow in the 
medulla,'! that changes in the architecture of the medulla and in the metabolism 
and structure of cells lining the collecting tubules should alter renal concentrating 
capacity. Normally, in hydropenic animals, the concentration of sodium in 
kidney tissue increases along a gradient from cortex to papilla; the establishment 
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and maintenance of this gradient is thought to be necessary to permit elaboration 
of a concentrated urine. In rats treated with vitamin D, sodium is not con- 
centrated as effectively in the medulla or papilla, possibly because the cells 
lining the ascending loops of Henle and the collecting ducts are less able to pump 
sodium out of the tubular urine and into the medullary interstitium (Fig. 6).!” 
In addition, there is some reason to think that the permeability of the collecting 
ducts to water may be impaired by the changes which occur with nephrocal- 


cinosis. 142 


“ 


CORTEX MEDULLA PAPILLA 


Fig. 6.—Sodium concentration in tissue of renal cortex, medulla, and papilla from normal rats 
and rats in which hypercalcemia and nephrocalcinosis were induced by vitamin D. Urine was collected 
during maximal antidiures's produced by hydropenia and vasopressin. Both groups of rats had been 
maintained on a low-sodium diet so that urinary concentration of sodium was negligible. 

Vitamin D intoxication produced a decrease of about 50 per cent in maximum urinary concen- 
tration, in association with a decrease in the concentration of sodium in renal papilla and medulla. 


The functional and morphologic similarities between the effects of potassium 
deficiency'*:'4 and calcium excess are noteworthy. Both are characterized (at 
least in their early phases) by lesions most marked in the distal portions of the 
nephron and the collecting ducts. Both are associated with marked depression of 
renal concentrating ability out of proportion to other tests of renal function. 
These facts are reminiscent of the opposing influences of potassium and calcium 
on membrane and neuromuscular behavior.'-'47 It is interesting to speculate 
that these are examples of a general phenomenon and that the activity of cell 
enzymes or the permeability of cell membranes in the kidney may be altered in 
the same direction by depletion of potassium or a surfeit of calcium. 
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NV AGNESIUM is among the most abundant cations in the body. In extra- 
j cellular fluid it is exceeded only by sodium, potassium, and calcium and in in- 
tracellular fluid only by potassium. Yet the role of magnesium in physiologic proc- 
esses and the possible importance of disturbances in magnesium metabolism to 
clinical medicine are incompletely understood. The present state of knowledge 
seems similar to that existing for potassium about 10 or 15 years ago. Newer 


analytic methods, current interest of a considerable number of investigators, 
and recent evidence suggesting that disturbances of magnesium in the body fluids 
are important clinically indicate that frequent reports on various aspects of this 
topic will appear. Accordingly it seems worth while to summarize such data as 
are now available, to review certain basic concepts about magnesium, and to point 


out important gaps in our knowledge. 

The expression of concentrations of magnesium in milliequivalents per 
litert is advised, but some laboratories and the older literature often report values 
as milligrams per 100 ml. Magnesium has an atomic weight of approximately 
24 and is divalent. Therefore, to convert milliequivalents per liter to milligrams 
per 100 ml., multiply by a factor of 1.2; to convert milligrams per 100 ml. to 
milliequivalents per liter, divide by 1.2 or multiply by 0.83. 


ANALYTIC METHODS FOR MAGNESIUM 


Study of magnesium metabolism has been handicapped by difficulty in 
attaining accurate analytic methods for biologic fluids. The older methods of 
precipitation as magnesium ammonium phosphate or as magnesium quinolate are 
still in use but are cumbersome and usually involve removal of some magnesium 
Certain of the observations described here were aided by grants from the National Heart Institute 
of the U. S. Public Health Service (Grants H-405 and H-340) and the C. Mahlon Kline Fund of the 
Department of Medicine. 
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in the preliminary separation from calcium. Probably the most extensively 
used method at present is a colorimetric method employing the dye, titan yellow.'” 
Several newer methods depend upon titration with disodium ethylenediamine 
tetraacetate (Versene) using eriochrome black T as the indicator of the end point, 
separation from calcium by one of several techniques being also required.*~® 
Direct spectroscopy,’ high-temperature flame photometry,° and a “‘self-standard- 
izing’’ method of flame spectrophotometry® have also been employed. It appears 
that the most satisfactory method may prove to be the multichannel flame 
spectrometer,!® but for the present instrumentation of this type is available 
only to a few investigating teams. 


NORMAL MAGNESIUM METABOLISM 


Dietary Requirement and Absorption.—The daily requirement has not been 
determined, but 220 mg. (18 mEq.) was enough to maintain balance in a group of 
normal medical students!! and a daily intake of 400 mg. (33 mEq.) has been 
considered adequate during pregnancy and lactation.!2 Magnesium is constantly 
available to the body since it is relatively abundant in ingested food. An ordinary 
diet contains roughly 20 to 40 mEq., of which one-third or less is ordinarily 
absorbed. Only comparatively small amounts are secreted into the gastrointestinal 
tract and fecal magnesium is therefore primarily unabsorbed magnesium from 
food.''-'4 To maintain balance, magnesium actually absorbed must therefore be 
approximately equal to urinary excretion. The latter has indeed also been de- 
scribed as about one-third of the daily intake and averaged 162 + 45 mg. (13 
mEq.) in 12 normal men.’ Little is known about factors which may modify 
absorption of soluble magnesium salts from the small intestine. Several hormonal 
effects have been suggested but require further study. Variation of pH seems to 
have little effect’? and no factor comparable to the role of vitamin D in calcium 
absorption has been reported. Extra magnesium salts ingested are predominantly 
not absorbed; this is the basis for their use as cathartics. Under certain cir- 
cumstances, however, sufficient absorption has occurred to contribute to clinically 
significant magnesium excesses. 

Distribution in the Body.—It is estimated that there is a total of 20 to 30 
Gm. of magnesium in the adult human body or about 45 mg. per 100 Gm. of 
fat-free tissue.!*!§ Of this only 0.5 Gm. or less is contained in the plasma and 
other extracellular fluid. Roughly half of the body content is present in bone, 
where according to fragmentary evidence it can penetrate the hydration shell 
and surface-bound ion layer of the lattice surface but probably not the crystal 
lattice interior.!* The magnesium of the soft tissues, like potassium, is predom- 
inantly an intracellular constituent. The intracellular concentration of magnesium, 
as estimated from reported analyses of skeletal muscle, is roughly ten times the 
plasma concentration.”° Very limited numbers of tissue analyses indicate that 
magnesium concentration is relatively high in kidney, heart, liver, spleen, and 
brain.!®.!§ The concentration of magnesium in red blood cells is only about three 
times that in plasma.?:! The concentration of magnesium in cerebrospinal fluid 
is considerably higher than that of plasma, but somewhat less than double 
the latter. 
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The volume of distribution of injected magnesium in man has been studied 
by several groups of investigators,':**> most recently employing the radio- 
active isotope Mg?’ with a half-life of about 21 hours. The initial volume of 
distribution is approximately equal to the extracellular fluid space. From inter- 
pretation of plasma radioactivity decay curves, it appears that the half-time 
for intracellular penetration is about 350 minutes.'* The total exchangeable 
magnesium, for periods up to at least 24 hours, is much less than the amount 


in the body, indicating that a large quantity of magnesium appears to be “‘fixed”’ 


metabolic pool.’’* 


4a 


and not readily available to the 

It seems probable that disturbances in magnesium metabolism may at times 
occur from transfers of the ion into or out of cells, but there is relatively little 
knowledge of the frequency of significant shifts of this nature (and of the factors 
which may govern them).?®?7 

Plasma Magnesium: Normal Values, Protein Binding, and Undissociated 
Complexes.—There is some variation in reported normal serum total magnesium 
concentration depending on the analytic method used. Mean normal values of 
1.7 to 2.3 mEq. per liter have been reported.”° Our results with a titan yellow 
method on 64 normal subjects?* showed a mean of 1.83 mEq. per liter and a 
standard deviation of 0.27 mEq. per liter and are in accord with the results of 
others. Wacker and Vallee!® found a normal mean of 2.0 mEq. per liter with the 
multichannel flame spectrometer. 

Like calcium, magnesium transported in the plasma can be divided into two 
major fractions, plus very small quantities in several other forms. The major 
fractions are (1) ionized magnesium—magnesium associated with other ions in a 


dissociated form—and (2) a portion held in solution by the serum proteins—the 


protein-bound fraction. In addition a small fraction is present in soluble but 
undissociated complexes, for example with citrate, and a very tiny fraction is in 
true solution as magnesium. It is generally agreed that the ionized fraction of 
calcium is the physiologically important component. Whether the same principle 
holds for magnesium is not established, but there must be at least certain physio- 
logic differences in behavior of the fractions. The protein-bound fraction is not 
filtered by the glomeruli of the kidney and is not free to diffuse into various 
body compartments, although as unbound magnesium leaves the serum, part of 
the bound magnesium may become free in maintenance of the ionization con- 
stant, K, in the following equation. 

The fraction bound to protein has been said to constitute anywhere from 14 
to 52 per cent of total serum magnesium, but most recent estimates indicate that 
about 35 per cent is protein bound.**-*! Little information is available at present 
concerning factors that may alter the proportion of bound magnesium. Progress 
has been hampered in this field by the lack of suitable methods for the direct 
determination of magnesium ion activity and by the fact that data obtained 
from simple isolated systems cannot be used to generalize to the complicated 
system of plasma. McLean and Hastings® suggested that magnesium and calcium 
both react with serum protein in a very similar way and expressed the relationship 
by the empirical mass-law formulation: 
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Studies with purified proteins appear to confirm not only the general similarity 
but also the prediction that the K value for calcium and magnesium may be 
identical.***4 One would anticipate therefore that the ratio between bound 
magnesium and total serum magnesium should remain relatively constant 
despite marked changes in total serum magnesium, a relationship previously 
observed for calcium.* It is also consistent with very limited data we collected?’ 
after magnesium injection and separation of bound from ultrafiltrable magnesium 
by means of the capsule of Lavietes.*® 

Binding would be expected to be pH dependent for both calcium and mag- 
nesium. However, alterations in calcium binding due to pH changes 7m the ordinary 
physiologic range have been described as near or within the limits of accuracy 
of all the experimental methods for estimating total and ultrafiltrable calcium.*” 
For magnesium it is possible that ordinary pH changes cause even less effect 
since in vitro experiments with dog blood have been reported showing no effect 
on ultrafiltrable magnesium level of pH changes by CO: equilibration, in contrast 
to changes previously observed by the same workers with respect to calcium.*® 

Alterations in plasma proteins cause changes in the proportion of bound 
magnesium. Willis and Sunderman*® prepared nomograms by which corrections 
can be made for the total protein factor. Additional studies are required to 
clarify the role of alterations in the proportions of specific plasma proteins. 

In contrast to the univalent cations, magnesium and calcium have a marked 
tendency to form non-ionized complexes, including the chelate complexes. In 
some instances the affinity is greater for calcium, in some for magnesium, and 
in many instances the formation constants are nearly the same. The constants 
are identical for citrate,‘ a particularly potent complexing agent among the 
organic acids. Only a small proportion of plasma magnesium is in the form of 
such soluble complexes, but possibly it has important physiologic implications. 
For example, if renal tubular reabsorption should operate upon free magnesium 
ions only, then the filtrable complex may be particularly important in determining 
the small proportion not reabsorbed. Study of these undissociated complexes 
remains at present a complicated and confusing subject and no generally ac- 
cepted and comprehensive concepts regarding their physiologic importance 
can be cited. 

Urinary Excretion of Magnestum.—As previously mentioned, urinary ex- 
cretion of magnesium under ordinary conditions must be approximately equal 
to magnesium absorbed, or about one-third of ingested magnesium. Thus, roughly 
7 to 15 mEq. is excreted daily. A comprehensive view of the processes involved 
and the factors that regulate urinary excretion has not been attained, but at 
least certain tentative conclusions may be helpful. The rate of urinary excretion 
of magnesium is only about 4 to 6 per cent of the magnesium filtered at the 
glomerulus under control conditions even if liberal allowance is made for protein 
binding.*’ It is evident therefore that most filtered magnesium is reabsorbed by 
the tubules. Nevertheless, the possibility exists that, like potassium, magnesium 
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might be both reabsorbed and excreted by tubular cells and that the latter 
process, although small in magnitude, could play an important regulatory role. 
Hirschfelder suggested that most of the magnesium appearing in the urine 
is secreted by the tubules. It has been demonstrated in the dog that nonfiltered 
magnesium can enter the distal nephron via the tubule.”:* This may represent, 
however, only a back diffusion or flux in a direction opposite to the predominant 
movement of the ion. We have not, by magnesium loading in man or dogs, clearly 
demonstrated magnesium secretion (i.e., observed magnesium excretion definitely 
exceeding magnesium filtration).**:44 On the basis of indirect evidence in experi- 
mental studies in man we have tentatively suggested (1) that tubular magnesium 
reabsorption is the main regulatory process, although tubular secretion cannot be 
excluded, (2) that this process operates normally at or near saturation, and 
(3) that renal mechanisms regulating magnesium excretion are, at least partly, 
separate from those of other ions including calcium and potassium. A wide 
variety of circumstances have been observed to be associated with temporary 
increases in magnesium excretion, but in the absence of magnesium deficiency or 
fall in glomerular filtration rate, significant decreases below control rates of 
urinary excretion are seldom, if ever, encountered. 

An attempt to produce magnesium deficiency experimentally by low mag- 
nesium diet over a 22- and a 27-day period in 2 normal young men showed no ap- 
parent fall in blood magnesium and total magnesium losses of only 25 and 72 
mEq.* The urinary excretion of magnesium decreased sharply after the start of 
the low magnesium diet, but this evidence of efficient conservation of magnesium 
in normal young men might have limited application to pathologic conditions. 

Intracellular Function.—Magnesium is an in vitro activator for many enzyme 
systems. Usually some activity is present in the absence of magnesium, and 
substitution of another metal often brings about similar activation. Thus an 
important physiologic role for magnesium in these processes is strongly suggested 
by inferential evidence but not conclusively proved. It appears that such action 
of magnesium extends ‘‘to all the major anabolic and catabolic processes in- 
volving the main metabolites.” Among the enzymes that may be activated 
by magnesium are phosphatases, transphosphorylases, pyrophosphatases, car- 
boxylases, hexokinase, and enolase. Evidence is lacking, however, that alterations 
of intracellular magnesium within the physiologic range are responsible for 
derangements in such fundamental enzyme systems. It is not clear whether 
clinical manifestations of magnesium deficit or excess may be due to changes 
in concentration within cells, at the cell surface, or other specialized site rather 
than in the blood or extracellular fluid. Occasional reference to manifestations of 
“hypomagnesemia” or ‘“‘hypermagnesemia”’ should not be interpreted as in- 
dicating knowledge to the contrary. 


PHARMACOLOGY 


Magnesium salts have been used extensively as cathartics and antacids and 
occasionally as cholagogues. Hypertonic solutions have had limited use for 
local anesthesia, and intravenous magnesium salts have been used as central 
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depressants especially in convulsive syndromes, as hypotensive agents, as uterine 
antispasmodics, to augment general anesthesia especially in obstetrics, and at 
times in the treatment of ventricular cardiac arrhythmias. Such actions will 
not be considered further, but the effects of the magnesium ion on the central 
and peripheral nervous system and on the cardiovascular system will be mentioned 
in sections on clinical manifestations of magnesium deficiency and magnesium 
excess. When magnesium is used as a central and neuromuscular depressant, 
it is necessary to guard against respiratory failure, a danger not present in clinical 
situations considered here. The systemic pharmacologic effects of magnesium 
have been reviewed in detail by Engbaek.*® 


MANIFESTATIONS OF MAGNESIUM DEFICIENCY 


Clinical states involving magnesium deficiency have been described by 
numerous observers. In almost all cases there have also been other fluid, elec- 
trolyte, or acid-base disturbances. It has therefore been difficult to establish 
that the deficiency of magnesium was responsible for any of the clinical mani- 
festations. A growing body of evidence indicates, however, that tetany may be 
due in some cases to magnesium deficiency alone and that a number of less 
clearly established syndromes probably also may result. 

It has long been known that magnesium has a depressant effect on both the 
central and peripheral nervous systems. The peripheral effects have been at- 
tributed to a decreased liberation of acetylcholine at the neuromuscular junction 
and sympathetic ganglia.‘’ The effect is antagonized by an excess of calcium or 
by physostigmine or neostigmine. Conversely, motor irritability is enhanced 
when magnesium is deficient. Both experimental and spontaneous magnesium 
deficiency have produced in a variety of animal species, with only minor variations 
resulting, a syndrome which can be distinguished from hypocalcemic tetany 
only by chemical means. Complete response to adequate magnesium administra- 
tion has been notable. Most extensively studied have been magnesium deficiency 
states in cattle, including an endemic disease known as grass staggers or grass 
tetany. In spite of numerous reports of suspected cases, tetany due to magnesium 
deficiency has seldom been proved in man because most patients also have low 
levels of calcium. Ulmer, Wacker, and Vallee*® have recently reported 4 cases 
of typical tetany with low serum magnesium and normal calcium in whom 
‘. . the syndrome alternately and predictably recurred or subsided with the 
institution or omission of magnesium administration.’’ Severe neuromuscular 
hyperirritability, including Chvostek’s sign and carpopedal spasm, athetoid 
movements, semicoma, and marked susceptibility to auditory, mechanical, 
and visual stimuli were typical of the syndrome. 

A wide variety of neuromuscular and psychiatric aberrations of a less 
specifically defined nature have also been described in patients with hypomagne- 
semia. Among reports of this nature (and also including patients with frank 
tetany) are those of Hirschfelder,*® Suter,®°° Hammarsten,* Flink,®® and Randall,** 
and their associates. The manifestations, as listed by Flink, may include: muscular 
twitching and tremor, which may be mild or so severe that all fine movements 
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such as handwriting may be impossible; profuse sweating; tachycardia and, 
occasionally, fever; mild anxiety to severe agitation; mild to severe delirium 
with hallucinations, confusion, and disorientation; and rarely, convulsions and 
coma. Gratifying response to therapy with magnesium salts have been frequently 
observed and positive magnesium balance during treatment has been demon- 
strated. 

In addition to the difficulties in establishing that symptoms or signs present 
are due to magnesium deficiency, it must be emphasized that in many patients 
with hypomagnesemia, no clinical manifestations have been elicited.* 

Pathologic changes in animals with chronic magnesium deficiency have 
been reported in the heart, vascular system, kidneys, liver, and brain, but no 
specific changes have been shown with certainty to be due to magnesium de- 


ficiency. 


MANIFESTATIONS OF MAGNESIUM EXCESS 


Depression of the nervous and cardiovascular systems are well-recognized 
pharmacologic effects of the magnesium ion. Disappearance of the deep tendon 
reflexes is probably the first sign of serious toxicity. The fascinating possibility 
is discussed below that many uremic phenomena may be due to magnesium 
excess, at least in some patients. Otherwise deleterious effects of magnesium 
excess have been reported principally in patients overtreated parenterally, or 
in a few cases orally, with magnesium salts. The use of magnesium in patients 
with renal insufficiency, particularly if oliguria is present, may be dangerous 
because of the slow excretion of the ion. Drowsiness and even coma appeared soon 
after oral magnesium sulfate administration in several patients in a small series 
with chronic renal insufficiency.” 

Transient tachycardia occurs initially in experimental hypermagnesia; as 
the concentration of magnesium rises, the more characteristic bradycardia and 
depression of atrioventricular and intraventricular cardiac conduction are seen.” 
Evidence is lacking that magnesium excess is clinically important in clinical 
disturbances of cardiac conduction in man, but increase in the P-R interval may 


suggest hypermagnesemia in situations in which all manifestations might other- 
wise be attributed to hyperkalemia.®**” The effect on the peripheral circulation 
is that of vasodilation with depression of the blood pressure. While parenteral 
magnesium therapy has been employed to treat hypertensive convulsions, it 
appears that hypotension is not likely to precede other manifestations of mag- 


nesium excess. 


CONDITIONS ASSOCIATED WITH ABNORMALITIES OF MAGNESIUM 


Changes in body magnesium obviously could be produced in any of several 
ways: alterations in intake, absorption, or excretion of the ion and shifts of 
either magnesium or fluid between the extracellular and intracellular space. Each 
of these ways is likely to be associated with disturbances of other electrolytes. 
Thus the clinician seeking to discover patients with magnesium disturbances 
should be particularly alert in those conditions in which experience has shown 
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other electrolyte abnormalities. Perhaps possible associations with potassium 
and with calcium disturbances merit special mention, although the relationship 
of behavior of the magnesium ion to neither of them is a simple and direct one. 
In view of their chemical similarity it is not surprising that magnesium often 
behaves in the body in a manner quite similar to calcium, but this similarity 
may possibly be associated either with parallel changes in the two ions or perhaps 
with competition or antagonism between the two. Thus we have observed that 
many experimental conditions cause similar changes in urinary excretion of 
calcium and magnesium.?’ Nevertheless in renal failure serum calcium is likely 
to be low while magnesium is likely to be high. Hyperparathyroidism is typically 
associated with hypercalcemia, but hypomagnesemia has been observed in a 
number of cases at several clinics. Potassium concentration in the serum, whether 
low, normal, or high, often parallels that of magnesium in chronic or acute renal 
disease.*!°6.58 However, since excretions of magnesium and of potassium do not 
correlate well under many conditions,?* this relation may result primarily from 
the release of both major intracellular cations by destruction of body cells and 
from the fact that either is likely to accumulate under conditions of oliguria, 
rather than from any specific association in their excretion. 

Renal Failure, Acute and Chronic-——Hypermagnesemia has been observed in 
many patients with acute renal failure (acute tubular necrosis, ‘‘lower nephron 
nephrosis’’) and also in many with chronic renal disease and uremia, especially 
if oliguria is present.*!°*-°§ In more than 250 estimations in acute uremia with 
severe oliguria, Hamburger®’ observed that hypermagnesemia was more consis- 
tently present than was hyperkalemia and in 23 per cent the magnesium level 
was above 3 mEq. per liter. Since experimental magnesium intoxication produces 
manifestations similar to those of uremia, it appears probable that part of the 
central nervous system depression in uremia may frequently be due to the 
magnesium disturbance. Obviously this impression is difficult to confirm un- 
equivocally in a complex situation like uremia. It receives some support from the 
improvement after dialysis noted by several observers, which is concomitant 
with decrease in hypermagnesemia and apparently not well correlated with 
other changes.*®57 

Chronic Renal Disease Without Renal Failure —In patients with chronic renal 
disease without azotemia, serum magnesium levels are usually normal or low. A 
tendency has been observed for magnesium disturbances to corrleate with po- 
tassium disturbances in the same direction.*53 Only in a few such patients, 
however, have clinical manifestations of magnesium deficiency appeared to be 
present. With the appearance of severe renal failure, especially with oliguria, 
hypermagnesemia has often been found. 

Diabetic Acidosis and Coma.—lIncreased urinary excretion of magnesium 
occurs during the development of diabetic acidosis and ketosis.*? Prior to the 
institution of therapy, the serum magnesium level is usually elevated in patients 
in diabetic coma.?’** This might be related to dehydration, shifts out of the 
cells, cellular breakdown, or decreased excretion especially as oliguria appears. 
The pattern of serum magnesium during therapy follows a pattern similar 
to that of potassium, and rapid falls in serum concentration may occur during 
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insulin and fluid therapy. It is difficult to definitely implicate either the hyper- 
magnesemia or the loss during therapy as a cause of clinical symptoms. Neverthe- 
less inclusion of magnesium in parenteral fluids given in this condition has been 
recommended. Butler suggests inclusion of 5 mEq. of magnesium (0.25 Gm. 
of magnesium chloride) per liter of fluid.® 

Chronic Alcoholism and Delerium Tremens.—The concentration of magnesium 
is decreased in the serum of many chronic alcoholic patients with delerium tre- 
mens.°°-5?.53,60.61 There is a great similarity between symptoms of delerium 
tremens and the manifestations of magnesium deficiency. Parenteral magnesium 
salt administration has also been considered to ameliorate the symptoms.>°:*?: 60.6 
Accordingly the suggestion has been made that the manifestations of delerium 
tremens may be closely related to, if not directly due to, magnesium deficiency. 
Since hypomagnesemia does not exist in all such patients and since improvement, 
and indeed rise in serum magnesium, also occurs in patients who receive no 
magnesium therapy, the postulate of a causal relationship has not been decisively 
confirmed. Quantitative demonstration of factors responsible for magnesium 
deficiency is also lacking. Although inadequate dietary intake may be presumed 
to be contributary, the evidence seems to suggest that some further disturbance 
of magnesium metabolism is present in chronic alcoholism. There is great current 
interest in this problem because of its clinical importance, although no definite 
conclusion can yet be reached and the significance of part of the data has been 
questioned." 

Many of the alcoholic patients studied have had cirrhosis of the liver, 
which might also be of significance in association with magnesium deficiency.” 

Postoperative Patients —Hypomagnesemia is observed occasionally in post- 
operative patients, especially if they have been maintained on parenteral mag- 
nesium-free fluids and if gastric fluid has been lost in large amounts, as by pro- 
longed nasogastric suction.®*! 54.69 Symptoms suggestive of magnesium deficiency 
with apparent response to magnesium therapy have been noted in some of these 
patients. Continuation of magnesium excretion in the absence of intake in post- 
operative patients has been noted,®** and some evidence suggests that it may 
be associated with hormonal factors such as ACTH.® 

Miscellaneous Conditions—Whether or not the parathyroid glands exert 
any direct action on magnesium metabolism remains controversial at present. 
It seems plausible that dissolution of bone, now generally accepted among the 
actions of parathormone, could reduce body magnesium stores. Administration of 
parathyroid extract to dogs causes increased urinary excretion of magnesium, but 
parathyroidectomy in normal dogs appears to have little effect on magnesium 
balance.* Agna and Goldsmith® have observed hypomagnesemia and attendant 
symptoms in 3 patients with primary hyperparathyroidism and suggest that 
the finding is probably more common than is indicated by previous reports. 

Increased urinary loss of magnesium follows administration of mercurial 
diuretics and also of ammonium chloride. Hypomagnesemia has been observed in 
patients with congestive failure treated with these drugs or with cationic ex- 
change resins.“* Ammonium chloride therapy has also been associated with 
hypomagnesemia in patients with cirrhosis. 
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Low serum magnesium was found in 4 out of 20 patients studied with 
acute pancreatitis.** It has been suggested that tetany in this condition may 
sometimes be attributable to hypomagnesemia and that the latter might be 
associated with formation of insoluble magnesium soaps about the pancreas.** 

Hypomagnesemia has been described in patients with hyperaldosteronism®:** 
and in a few patients receiving ACTH therapy.* Increases in serum magnesium 
have been observed in patients with Addison’s disease.'*:?> An important role of 
magnesium disturbance in adrenal diseases has not, however, been established. 

Alterations in the proportion of serum protein-bound magnesium in thyroid 
disease (low in myxedema and high in hyperthyroidism) suggested by early 
reports have not been confirmed.*°:®*:7° However, a marked increase in excretion 
of magnesium was reported in 2 patients with myxedema on treatment with 
triiodothyronine,”! and the similarity between thyrotoxicosis and magnesium 
deficiency, as well as between myxedema and magnesium excess, may warrant 
further consideration.”!:7 

Elkinton?® has pointed out that the relation between magnesium and body 
temperature could have significance to the use of hypothermia in cardiac surgery. 
Elevated plasma magnesium has long been known to occur in certain hibernating 
animals, and rises in serum magnesium have been observed on experimental 
cooling of animals.”*:74 Further study will be required to indicate whether this 
relation has important clinical implications. 

Other conditions in which hypomagnesemia has been observed include 
diarrhea and various nutritional disturbances, malignancy, epilepsy, lupus 
erythematosus, asthmatic attacks, and biliary tract disease. Hypermagnesemia 
has been reported in oxalic acid poisoning, arthritis, and lung disease, as well as 
any state associated with severe dehydration. It seems less likely at present that 
disturbances of magnesium metabolism may prove to have important implications 
in these conditions than in those separately mentioned previously. 


TREATMENT 


Hypomagnesemia.—Most patients with marked hypomagnesemia are likely 
to require parenteral therapy since the condition seldom develops in patients 
able to eat a regular diet and absorption of magnesium salts given orally may be 
inadequate for replacement. Magnesium sulfate* is commonly used intramuscu- 
larly, although the injections are rather painful. As much as 8.0 Gm. daily in four 
divided doses can be given for a few days, with the dose reduced as the deficiency 
is corrected. In patients with deficient oral intake 1 or 2 Gm. of magnesium 
sulfate added to the sustaining parenteral fluids would meet magnesium require- 
ments. If the intravenous route is used, the most important therapeutic considera- 
tion is that magnesium must be given very slowly and in low concentration (in 
solution with other electrolytes or glucose). Butler’s recommendation of 5 mEq. 
per liter in electrolyte solutions*® is safe and practical for most purposes. Severe 
hypomagnesia and especially frank tetany may justify somewhat more rapid 


*Dosage is expressed in terms of the hydrated salt, MgSO,-7H2O. Therefore 1 Gm. of this salt 
equals about 8 mEq. of magnesium. 
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infusion. Suter and Klingman®® used 10 Gm. of magnesium sulfate in a liter of 
glucose solution given over a 114- to 2-hour period. The clinician would do 
well never to give magnesium intravenously at a rate more rapid than 1 mEq. 
per minute and never to use the undiluted 50 per cent magnesium sulfate solution 
by vein. The infusion should be discontinued if the deep reflexes become weak 
or disappear. Injectable calcium gluconate should be available in case it is needed. 
Magnesium therapy should be given with great caution, 7f at all, in patients with 
uremia, especially if oliguria is present. 

Hypermagnesemia.—Correction of dehydration is indicated, but the well- 
known dangers of excess fluid administration must be kept in mind in patients 
with oliguria, commonly present in patients with hypermagnesemia. Calcium 
salts antagonize many effects of magnesium and experimental work indicates 
that they can be of considerable value in severe magnesium toxicity. Dialysis 
with the artificial kidney is effective in lowering serum magnesium, but whether 
hypermagnesemia ever requires such treatment in the absence of other indications 


is not known. Any available measures to improve renal function are desirable. 
It seems unlikely that mercurial diuretics or ammonium chloride will have a 
prominent place in treating hypermagnesemia, particularly in the presence of 


abnormal renal function. 


SUMMARY 


Magnesium is among the principal cations in extracellular and especially 
intracellular fluids. It appears to have an activating action on a wide variety of 
enzymatic reactions essential to metabolism. The ion has a number of systemic 
pharmacologic actions, most notable being depression of nervous and cardio- 
vascular systems. Nevertheless the importance of disturbances in magnesium 
metabolism to clinical medicine has been difficult to determine for a variety of 
reasons. These include (1) lack of easy and accurate analytic methods; (2) 
its occurrence in several forms including a protein-bound fraction and its pre- 
ponderant location in the skeleton or within body cells; and (3) the similarity 
of probable manifestations of hypo- and hypermagnesemia to symptoms and 
signs of other disorders also likely to be present in the same patients. 

Magnesium deficiency may be responsible for a type of tetany distinguishable 
only by chemical determinations from the tetany of hypocalcemia. Other patients 
may show less specific findings such as muscular twitching, anxiety, agitation, 
delirium, or psychotic behavior. Conditions likely to be associated with mag- 
nesium deficiency include that of postoperative or other patients on prolonged 
parenteral fluids especially if associated with large losses of gastric fluid, diabetic 
acidosis during insulin and fluid therapy, chronic alcoholism and delerium 
tremens, and chronic renal disease without renal failure especially when daily 
urinary output is large. Although definite confirmation of a causal relation 
between hypomagnesemia and clinical manifestations is lacking in such patients, 
experience suggests that many will benefit from parenteral therapy. Magnesium 
salts must be given slowly and in dilute concentrations if the intravenous route 
is used. Magnesium should not be administered to patients with severe oliguria. 
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Magnesium excess may be responsible for drowsiness, loss of deep tendon 
reflexes, prolonged P-R interval in the electrocardiogram, and, in severe cases, 
coma and hypotension. In experimental animals, death occurs most often follow- 
ing respiratory arrest. Magnesium excess is most likely in patients with acute or 
chronic renal failure with oliguria and in those who have received injudicious 
magnesium therapy. Calcium salts are useful in treatment for their antagonistic 
action. Dialysis has been effective in reducing hypermagnesemia in patients 
with acute renal failure. 
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A LDOSTERONE, the 18-aldehyde of corticosterone, was isolated from 
adrenal glands in 1952! and chemically characterized shortly thereafter.” 
This significant achievement was stimulated, at least in part, by the important 
work of Luetscher and his colleagues who, in a series of publications beginning 
in 1950, reported that steroidal extracts of urine from patients forming edema 
could promote sodium retention in adrenalectomized rats.4> These pioneer 
observations, made with a relatively crude biologic assay technique, forced 
re-evaluation of a hypothesis then current that hydrocortisone was the major 
and totipotent adrenal cortical secretion. 

Aldosterone is present in relatively minute amounts in plasma and urine. 
Yet, the fact that it is quantitatively some 10 to 30 times as potent as desoxy- 
corticosterone in its effects on electrolyte metabolism suggests that it is the major 
naturally occurring mineralocorticoid acting primarily to regulate the amount and 
distribution of sodium and potassium ions in the body. 


PHYSIOLOGIC EFFECTS OF ALDOSTERONE 

The main biologic effect of aldosterone is to modify the transport of sodium, 
potassium, and hydrogen ions across certain cellular membranes. In this respect 
aldosterone appears to be qualitatively similar in action to its prototype, the 
mineralocorticoid desoxycorticosterone. Indeed, it was this similarity which 
permitted reliable quantitation of aldosterone in urine, utilizing biologic assays 
which compare its sodium-retaining activity to that of desoxycorticosterone in 
adrenalectomized animals.* Aldosterone has very little glucocorticoid activity® 
(about one-third that of hydrocortisone). In view of the fact that aldosterone 
secretion is normally one hundred times less than hydrocortisone, the glucocorti- 
coid activity of aldosterone is probably of no physiologic significance. 

After total adrenalectomy, the renal tubular reabsorption of filtered sodium 
chloride falls by only about 2 per cent, and this impaired reabsorption can then be 
restored by administration of adrenal hormones. Where and how adrenal hormones 
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exert these effects within the renal tubule is not known. The adrenalectomized 
animal manifests marked impairment in capacity to excrete ammonia, titratable 
acid, and potassium,’ and these observations suggest that aldosterone might 
act to promote sodium reabsorption by stimulating the sodium-hydrogen® and 
the sodium-potassium® ion exchange mechanisms. While it is tempting to ascribe 
all of the hormone action to stimulation of ion exchange, the chloride loss of 
adrenal insufficiency is impressive!®; this suggests that adrenal hormones also 
play some role in promoting sodium chloride reabsorption. 

There are also some qualitative differences in the renal effects of the adrenal 
cortical hormones. Glucocorticoids reverse the impaired water excretion of 
Addison’s disease, but desoxycorticosterone does not.'! Glucocorticoids also 
characteristically produce an increase in glomerular filtration not seen with 
mineralocorticoids. In addition, the kaliuresis of glucocorticoids may have an 
extrarenal origin and may be associated with a primary release of potassium from 
cells.” 

In adrenalectomized rats,'* dogs, and humans,'* administration of aldo- 
sterone has been shown to produce renal retention of sodium and increased 
excretion of potassium and/or hydrogen ions. These effects can occur in the 
presence of a rising glomerular filtration rate, and the findings, therefore, suggest 
that aldosterone acts to augment renal tubular cell reabsorption of sodium, 
perhaps at least in part by stimulating the Na-H, Na-K ion exchange mechanisms 
(Fig. 1). 

The administration of desoxycorticosterone in excess produces sodium re- 
tention and potassium depletion with loss of hydrogen ions from the extracellular 
fluid.!6!7 An exact counterpart has been observed to occur in human subjects 
with hypersecretion of aldosterone.'® It should be remembered that in both 
instances the syndrome is also dependent on administration of adequate amounts 
of sodium ion.'*?° In man, large amounts of desoxycorticosterone produce no 
physiologic change in subjects concurrently deprived of dietary sodium.*?° 
In all probability this would also be true in the case of aldosterone, since po- 
tassium loss in the urine can only occur by means of ion exchange for sodium 
in the distal tubule. With sodium deprivation, potassium loss is limited by the 
reduced amount of sodium which can reach the distal tubular site of potassium 
secretion. In addition, the hypertensive disease produced by administration 
of either desoxycorticosterone or aldosterone to animals requires the concurrent 
administration of adequate sodium ions.™:?6 

As has been found with other hormones, the physiologic effects of aldosterone 
are most readily demonstrated in subjects with deficient endogenous secretion. 
In adrenalectomized subjects, exquisitely small amounts of aldosterone can 


produce marked renal retention of sodium and cause increased excretion of 
potassium and hydrogen ions. In patients with adrenal insufficiency, the daily 
maintenance dose of aldosterone has been found to be of the order of 200 ug.?’-?° 


*While the similarity between desoxycorticosterone and aldosterone has been emphasized in this 
discussion, the two steroids may have some qualitative differences. Others believe that they may have 
obtained evidence of qualitative differences between the two steroids.”!-” 
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In marked contrast, the administration of as much as 3 mg. of aldosterone daily®® 
or of 25 mg. of desoxycorticosterone®’ to normal subjects may produce relatively 
little sodium retention, and the extremely low urinary sodium excretion (often 
less than 1 mEq. per day) seen in edematous subjects with hypersecretion of 
aldosterone cannot be duplicated in normal subjects. This gross difference in 
responsiveness to the sodium-retaining hormone has been attributed to dif- 
ferences in the underlying state of body hydration and/or sodium stores, but 
intrarenal changes which modify the effectiveness of the hormone cannot be 
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Fig. 1.—Aldosterone acts to stimulate the Na* for H* and the Na* for K* ion exchange mechanisms. 
If most of the filtered sodium is reabsorbed in the proximal tubule (edematous states), potassium 
excretion is limited since potassium can only be excreted by secretion in exchange for sodium in the 
distal tubule. 

In diseases of the kidney characterized by either faulty proximal sodium reabsorption (sodium- 
losing nephritis) or by faulty hydrion secretion (renal tubular acidosis), an excessive loss of potassium 
can result. 

Aldosterone may also act in the proximal tubule to promote ion-pair (Na’ Cl’) reabsorption, since 
the chloride loss of adrenal insufficiency is impressive and since spirolactones produce chloruresis. 


ruled out and would appear to represent a fruitful area for further study. In 
our own laboratory, in preliminary studies, intravenous administration of aldo- 
sterone during hypertonic saline infusion appears actually to augment natriure- 
sis,*! and similar findings have been reported by others.*?-* 

The known and presumed physiologic effects of aldosterone are summarized 
in the following list, which has been constructed from clinical and experimental 
observations obtained both with desoxycorticosterone and with aldosterone. 
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1. Aldosterone increases renal tubular reabsorption of sodium ion and pro- 
motes renal secretion of potassium ions and hydrogen (especially as NH). 

2. It depresses salivary and sweat Na:K ratio. 

3. It depresses fecal Na:K ratio. 

4. Prolonged administration combined with administration of sodium ion 
leads to hypokalemic alkalosis, altered muscle electrolytes, ‘‘diabetes insipidus” 
syndrome, and arterial hypertension. 

An interesting observation is the finding that patients with aldosterone- 
secreting tumors excrete a relatively greater proportion of hydrogen ion as 
ammonium ion than would be expected for a given pH. This effect may be the 
result of potassium depletion or of a direct effect of the hormone, acting to in- 
crease sodium reabsorption at the site of ammonia formation.* 

As a consequence of the induced changes in renal tubular activity, aldosterone 
tends to produce an increase in sodium and a decrease in potassium of both 
cells and extracellular fluid, with a shift of hydrogen ion from extracellular fluid 
to cells.'®-!§ The hormone also modifies electrolyte excretion of salivary glands,?*:*6 
intestinal mucosa,*”*8 and probably sweat glands, but these effects appear less 
important than the renal effect. Whether the mineral hormone normally plays a 
significant role in regulation of ion distribution of extrarenal tissues is not entirely 
clear. The administration of large amounts of mineralocorticoid to fasted animals 
in adrenal insufficiency can aid to some extent in restoring plasma electrolytes 
to normal, but the glucocorticoids are more potent in this respect.*? 


CHEMISTRY AND METABOLISM 


Aldosterone is unique among adrenal steroids in that it possesses an aldehyde 
at the 18 position and in that it exists in solution in equilibrium with the 11- 
hemiacetal form. The biosynthetic pathway for formation of aldosterone has not 
been elucidated. However, studies of Ayres and associates*® with ox adrenal 
capsule strippings which include the glomerulosa zone have shown that this 
tissue can convert progesterone, desoxycorticosterone, and corticosterone to 


aldosterone. 

Utilizing the administration of 16-H* aldosterone and isotope dilution 
techniques, Ayres and associates have determined the plasma level of aldosterone 
to be about 0.03 mg. per cent. These workers also demonstrated that the hormone 
is turned over more rapidly than is hydrocortisone. Injected radioactive aldo- 
sterone disappears rapidly from the blood, with a half-life of 20 minutes as 
compared to 1.4 hours for hydrocortisone. Peterson,*! with more frequent sam- 
pling, has found the half-time to be closer to 70 minutes and the plasma level to be 
0.05 to 0.08 mg. per cent in normal subjects. In a patient with cirrhosis the blood 
level was 0.1 and in primary aldosteronism 0.13 mg. per cent. In a single normal 
subject the pool size of aldosterone was estimated to be 10 ug. 

Administration of radioactive aldosterone has also yielded considerable 
information concerning the urinary excretion of aldosterone and its metabolic 
products. As much as 80 per cent of the injected radioactivity appears in the 
first 24 hours.*! Ayres and associates found that some 50 per cent of injected 
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radioactivity appears in an ether-alcohol extract of the first 24-hour urine col- 
lection. Within this fraction the excretion of the hormone and its products were 
broken down into (1) that which exists as free aldosterone and is extractable 
at neutral pH (about 25 per cent of the injected radioactivity), (2) that which is 
released by pH 1 hydrolysis (about 3 to 5 per cent of injected radioactivity), 
and (3) that which is released by hydrolysis with 8-glucuronidase (about 40 
per cent of the injected radioactivity). Of interest is the fact that the acid-hydro- 
lyzable conjugate of aldosterone has no parallel in the metabolism of hydro- 
cortisone. Little is known of the nature of this conjugation, but it is clearly not a 
glucuronide of the usual type. Further purification of the glucuronide fraction 
by Ayres and associates suggested the presence of a single substance with about 
the same running rate as tetrahydrocortisone which accounted for some 12 per 
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Fig. 2.— Aldosterone and its major known urinary metabolite. Tetrahydroaldosterone can account 
for some 10 to 15 per cent of the amount of aldosterone secreted per day. (Reprinted by permission 
from Ulick, S., Laragh, J. H., and Lieberman, S.: Tr. A. Am. Physicians 71:225, 1958.) 


cent of the injected radioactivity. Tetrahydroaldosterone has been isolated 
from urine and chemically characterized by Ulick and Liebermann.” The com- 
pound is a Co;O; pregnane derivative with hydroxyl groups at C3, Cis, and Ca). 
Its provisional formula is shown in Fig. 2. After injection of labeled aldosterone 
it is the most abundant product of aldosterone excreted in urine, comprising 10 to 
15 per cent of the injected radioactivity.** Other metabolites of aldosterone have 
not been described. 

Most of the clinical studies of aldosterone have been based on quantitation 
of the urinary hormone released by extraction at pH 1. One cannot be certain, 
however, that urinary aldosterone accurately reflects the effective concentration 
of the free hormone in blood, especially when individuals are compared who may 
have different rates of inactivation or excretion of the hormone. For example, 
in patients with primary aldosteronism and proved hypersecretion, urinary aldo- 
sterone may be within normal limits.44 As is the case with hydrocortisone, 
quantitation of the more abundant tetrahydro metabolite in urine may 
often represent a more reliable guide to the amount of active circulating 
hormone. 
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In an effort to bypass the possible pitfalls inherent in measuring urinary 
products of aldosterone, techniques have been employed to determine the amount 
of aldosterone actually secreted by the adrenal glands. Utilizing an isotope 
dilution method which requires estimation of the specific activity of the urinary 
hormone, Ayres and associates found the aldosterone secretion rate to be 190 
ug per day on a diet containing a normal amount of salt and 780 ug per day on 
a low-salt diet.*° In our own laboratory the secretion rate of aldosterone has been 
measured by determining the specific activity of tetrahydroaldosterone in the 
24-hour urine collection following injection of a trace dose of tritiated aldo- 
sterone.* The fall in specific activity of the urinary product can only be the 
result of endogenous contribution and, as such, represents the secretory rate. 
With this method, normal subjects on unselected diets have been found to secrete 
from 170 to 350 wg per 24 hours. When large amounts of sodium are administered, 
the daily secretion rate may fall to 50 ug, and with sodium deprivation it has 
been found to rise as high as 1,000 ug per day in normal subjects. Similar re- 
sults have been obtained by Peterson*! who determined the specific activity 
of acid-hydrolyzable aldosterone in the urine after administration of a trace dose 
of tritiated aldosterone. Measurement of the adrenal secretory rate by these 
techniques appears to be a precise and most reliable index of aldosterone activity, 
although possibly it too may not always be an accurate reflection of the effective 
concentration of active hormone in the blood. 


CONTROL OF ALDOSTERONE SECRETION 


There has been considerable interest in the factors concerned with the regula- 
tion of aldosterone secretion. A full understanding of this intriguing subject 
requires consideration of data obtained from studies of normal man, patients 
forming edema, and patients with abnormal blood pressures, as well as considera- 
tion of animal experiments some of which involve interruption of the venous or 


arterial circulation. 

Aldosterone appears to be unique among adrenal steroids in that its rate 
of secretion is to a large degree independent of ACTH control. This was sug- 
gested by the absence of atrophy of the zona glomerulosa after hypophysec- 
tomy,*:*® by the persistence of aldosterone in adrenal venous blood of hypo- 
physectomized dogs,‘7 and by the observation that patients with pituitary 
insufficiency induced by total hypophysectomy may conserve sodium normally 
and excrete normal amounts of sodium-retaining hormone in the urine.*® Yet, 
it is also clear that ACTH does play some role in modifying aldosterone produc- 
tion. It has been amply demonstrated that administration of ACTH leads to a 
significant, if transient, rise in aldosterone excretion." Also, after hypophysectomy 
aldosterone output is significantly reduced, although to a much lesser extent 
than other corticoids.47 ACTH, therefore, cannot be excluded from playing 
some role, perhaps indirect, in governing aldosterone secretion. 

Luetscher*® showed that dietary restriction of sodium produces an increase 
in the urinary excretion of aldosterone. This occurs without detectable change 
in the plasma sodium concentration, and the means by which it is mediated 
have not yet been fully clarified. 
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In our own laboratory we have considered the possibility that this hormone, 
which acts to regulate the electrolyte environment, might be responding to some 
change in the electrolyte milieu. In man and in the dog we had observed a ten- 
dency for the plasma potassium concentration to be high under circumstances 
of sodium depletion.®° Thus, the sodium-depleted animal becomes exquisitely 
sensitive to the same amount of potassium chloride which prior to depletion 
scarcely raised its plasma potassium level. This relationship led us to suspect 
that the effect of the low-sodium diet on aldosterone production might perhaps be 
mediated by a potassium change.*! Fig. 3 illustrates an experiment in a normal 
dog which for the first 8 days had been fed a diet containing no sodium or po- 
tassium. Repeated analyses revealed that the usual rise in aldosterone excretion 
which occurs with sodium depletion did not occur when potassium was also 
withheld from the diet. Then, when potassium was added to the diet sustained 
hyperkalemia ensued and, in association with the production of hyperkalemia, 
aldosterone was found in appreciable amounts in the urine. Because of the fact 
that potassium administration to animals not deprived of sodium failed to produce 
a rise in plasma potassium or an increase in aldosterone and because of the fact 
that in a number of animals the induced hyperkalemia correlated well with an 
increased aldosterone output, it was postulated that, at least under certain 
circumstances, a rise in the plasma potassium concentration was a stimulus 
to aldosterone secretion. Thus, the adrenal gland, being directly sensitive to 
the potassium level of the circulating blood might act to help restore normal 
sodium-potassium relationships by promoting potassium excretion and sodium 
retention. 

It was difficult to determine exactly to what extent potassium changes 
participate in causing the characteristic rise in aldosterone production associated 
with sodium deprivation, because it is well known that depletion of body po- 
tassium stores is aided by feeding sodium supplements and, conversely, a positive 
potassium balance is promoted by sodium deprivation. In a number of experi- 
ments, however, we could find no correlation between the plasma sodium level 
and the excretion of aldosterone; neither could the changes be related to variation 
in the sodium balance or state of hydration. 

Although similar findings were reported by others,” the effect of po- 
tassium was, for a time, not generally accepted. More recently it has been shown 
again that both the inhibiting effects of potassium deprivation and the stimulating 
effect of potassium administration on aldosterone secretion can occur independ- 
ently of changes in body-fluid volume and over-all sodium balance.* 

With sodium deprivation there occur characteristic weight loss and depletion 
of body fluid, largely extracellular fluid. Bartter and his colleagues*‘in a series of 
experiments have clearly demonstrated that contraction of the extracellular 
fluid volume and, more specifically, of the intravascular volume is accompanied 
by an increase in aldosterone excretion. Conversely, expansion of the intravascular 
volume by administration of salt-poor albumen produces a decrease in aldo- 
sterone excretion in subjects in whom it was elevated during the control period. 
As a result, this group of investigators has been inclined to consider a change in 
either the intravascular volume or some function of intravascular volume as 
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the most important stimulus in the regulation of aldosterone secretion. In these 
studies the induced changes in intravascular volume occurred without alteration 
of the extracellular electrolyte composition. Nonetheless, these changes in volume 
might well be associated not only with pressure changes, but also perhaps with 
critical shifts of electrolyte and water within the intracellular bed. Changes 
related to blood volume could account for the increased aldosterone observed 
with sodium deprivation and may also explain the diurnal variation in aldo- 
sterone, since the daytime rise can be abolished by bed rest.® 
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Fig. 3.—Effect of low and high potassium intake upon aldosterone excretion in a normal dog on a 
low-sodium diet. No detectable sodium-retaining activity was found on a diet virtually free of sodium 
and potassium. When KCI supplements were given, hyperkalemia developed and then aldosterone 
appeared in the urine. No concurrent change in sodium balance or plasma sodium was observed. The 
data suggest that an increase in plasma potassium is a stimulus for aldosterone secretion (see text). 
(Reprinted by permission from Laragh, J. H., and Stoerk, H. C.: J. Clin. Invest. 37:383, 1957.) 


J. Chron. Dis. 
LARAGH March, 1960 


Despite the impressiveness of the evidence that changes in blood volume or 
in potassium balance affect aldosterone output, it has been difficult to expiain 
the hyperaldosteronism of various clinical and experimental situations on these 
bases. In general, in the states of cirrhosis, nephrosis, and heart failure, the total 
blood volume is, if anything, increased. Plasma potassium concentrations are 
usually normal, and, while information is scant, there is no good evidence to 
indicate that intracellular potassium is abnormal. Moreover, in these edematous 
states administration of saline solutions!’ or potassium deprivation®! may reduce 
urinary aldosterone, but the values remain well above normal. Thus, the in- 
creased aldosterone of edematous states cannot be accounted for by these 
mechanisms. 
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Fig. 4.—The 24-hour adrenal secretion rates of aldosterone in nephrosis, cirrhosis with ascites, and 
advanced congestive heart failure are compared with values obtained in normal subjects. Normal 
subjects may secrete from 150 to 350 ug per day on unselected diets, and the values may rise to 1,000 
ug after sodium deprivation and fall to 50 ug with administration of extra sodium. In nephrosis and 
cirrhosis, marked hypersecretion of aldosterone has been found. In contrast, patients with congestive 
heart failure with similarly reduced urinary sodium may not exhibit hypersecretion of aldosterone. 
These results perhaps point to a fundamental difference in the nature of the stimulus in congestive 
heart failure as compared to that in cirrhosis and nephrosis. (See text.) (Reprinted by permission from 
Ulick, S., Laragh, J. H., and Lieberman, S.: Tr. A. Am. Physicians 71:225, 1958.) 


Studies of experimental edematous states have further characterized the 
nature of the aldosterone response. In dogs with right-sided congestive heart 
failure and in dogs forming ascites after occlusion of the inferior vena cava, 
sustained hypersecretion of aldosterone has been demonstrated.** It has further 
been shown that this hypersecretion is an acute response which occurs within 
30 minutes following caval constriction,®” a finding which suggests that aldo- 
sterone may play an important role in acute homeostatic adjustments. The 
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increased aldosterone secretion was not the result of a reduced vascular volume, 
since it could occur in the presence of a markedly expanded plasma volume. 
Davis and his co-workers*’ have concluded that it is venous and/or right atrial 
hypertension leading to escape of fluid from the vascular tree which initiates 
the sequences of events leading to increased production of aldosterone. 


Recently in our own laboratory further studies of human subjects with 
cirrhosis and ascites, nephrosis, and congestive heart failure have yielded re- 
sults which may help to further define the factors leading to hypersecretion 
of aldosterone. In cirrhosis with ascites and in nephrosis, marked hypersecretion 
of aldosterone has been found to occur (from 1,000 to 25,000 ug of aldosterone 
may be secreted daily in these states) (Fig. 4). In 3 patients with marked con- 
gestive heart failure, however, hypersecretion was not found and some of the 
values actually appeared to be reduced (50 to 350 ug). Of course, it is possible 
that serial studies early in the development of heart failure might reveal inter- 
current hypersecretion; yet, the findings suggest a fundamental difference in 
the nature of the stimulus in heart failure as compared with that seen in cirrhosis 
and in nephrosis. While there is typically a gross increase in extracellular fluid 
in both heart failure and cirrhosis with ascites, the distribution of the fluid 
obviously differs. In heart failure, total effective blood volume may remain 
higher than in either cirrhosis or nephrosis, where transudation from the vascular 
bed might occur more readily. Also, the venous pressure is elevated in heart 
failure but not in cirrhosis or nephrosis. In heart failure, stimulation of right 
atrial stretch receptors, therefore, would be more likely than in the other two 
conditions and distention of these receptors has been shown to inhibit aldosterone 
output.*® 

Other investigators have not found consistent increases in aldosterone excre- 
tion in congestive heart failure. Of 6 cases reported by Muller and associates®® 
in congestive heart failure, only 1 had a significant increase in aldosterone excre- 
tion. In a larger series Wolff, Koczorek, and Buchborn® reported that urinary 
aldosterone may not be increased in decompensated patients, especially when the 
failure is predominantly left sided. In addition, Driscol and associates®™ found no 
increase in adrenal venous aldosterone in experimental heart failure induced by 
pulmonic stenosis, a finding which has not been confirmed in the studies of Davis 
and associates. © 

Experiments in animals have shed light on the afferent and efferent pathways 
involved in regulating aldosterone secretion. Bartter and co-workers* have 
reported that the increased aldosterone secretion produced by caval constriction 
persists after release of the constriction only when the vagi are sectioned. This 
group has also reported that carotid occlusion leads to a rise in aldosterone 
output only when certain nerves to the carotid artery distal to the occlusion are 
intact.” A dual system has been suggested with aldosterone secretion being 
turned on via nerves from the carotid vessels and turned off via the vagus nerves. 
Whether the receptor tissues are sensitive to a volume or pressure change has 
not yet been clarified but a change in pressure of only a few millimeters of mercury, 
distal to the carotid occlusion, appears to be sufficient to cause aldosterone output. 
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Studies of the efferent pathways for aldosterone secretion suggest that the 
stimulus is humorally mediated. Fleming and Farrell® have shown that a trans- 
planted adrenal gland secretes normal amounts of aldosterone. Data of Farrell 
and his co-workers™ indicate that an extract from the region of the pineal and 
subcommisural body, ‘‘glomerulotropin,’’ causes an increase in adrenal venous 
aldosterone. A cross-circulation study by Davis and his co-workers® has shown 
that blood from a dog with caval constriction will produce a sharp rise in adrenal 
venous aldosterone of the recipient dog which then falls promptly to normal when 
the cross circulation is interrupted. In addition, Orti and his associates®* have 
found an aldosterone-stimulating substance in the urine of adrenalectomized 
rats which causes sodium retention in intact rats. 

In summary, it may be stated that aldosterone secretion is related directly 
or indirectly to ACTH production, to potassium balance, and to changes in blood 
volume. These factors do not appear, however, to explain adequately the morbid 
states of hypersecretion of aldosterone encountered in man. Recent work sug- 
gests again that localized and definitive pressure changes within the vascular 
tree, which are not necessarily related to over-all volume changes, might be a 
most important stimulus. Probably the afferent system has not yet been fully 
characterized; but arterial hypotension and, alternatively, venous hypertension 
loom as important initiating factors. Volume receptors have never been demon- 
strated, but pressoreceptors could well be the afferent instruments of volume 
regulation. Animal experiments strongly suggest the existence, on the efferent 
side, of a trophic hormone specific for aldosterone. It is to be hoped that with 
further study the observed effects of ACTH, potassium, and blood volume will 
be viewed in better perspective. While aldosterone clearly participates in acute 
homeostatic responses, it appears to act primarily on electrolyte metabolism. 
It is difficult to understand the relationship of aldosterone to changes in pressure 
within the vascular tree. It is perhaps reasonable to believe that the hormone 
acts primarily to protect electrolyte homeostasis and only secondarily to sustain 
blood pressure. The problem may not be resolved until such a time as the re- 
lationship between pressure changes in the vascular tree and electrolyte metabo- 
lism is better understood. 


SITE OF ALDOSTERONE SECRETION 


Earlier histologic studies cited above have implicated the zona glomerulosa 
of the rat and dog as the source of the mineral hormone. It has now been es- 
tablished by in vitro studies of rat, bovine, and human adrenal tissue that 
aldosterone is produced exclusively in the zona glomerulosa, hydrocortisone 
in the zona fasciculata, and corticosterone in both.‘®:§’ It has also been reported 
that human fetal tissue possesses sodium-retaining activity as early as the ninth 
week. ® 

Examination of adrenal tissue from patients with primary aldosteronism 
has not revealed a consistent pattern. The adrenal adenomas are said to be, 
on section, characteristically yellow in color. Not infrequently, however, neither 
the macroscopic nor microscopic appearance permits differentiation from tissue 
found in Cushing’s syndrome or even tissue found in normal subjects. In the 
reported cases the lipid-laden cells of the tumor tissue most frequently resemble 
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the fasciculata pattern, and less often the glomerulosa pattern.“* Atrophy of the 
contralateral gland and also of the adjacent adrenal tissue has been noted, but 
this too is quite an inconsistent finding. The histology of proved cases of primary 
and secondary aldosteronism due to bilateral hyperplasia also requires further 
study and correlation with biochemical findings. 


PHARMACOLOGIC CONSIDERATIONS 

A group of compounds which are known to inhibit adrenal cortical biosyn- 
thesis has been described. Amphenone B [3,3,-di(p-aminopheny])-butanone-?2- 
dihydrochloride] can reduce urinary aldosterone presumably by inhibiting 
oxidation in positions 11, 17, and 21 of the steroid molecule.®-”7! A high in- 
cidence of unpleasant side effects has limited its usefulness. More recently, an 
analogue SU 4885 has been developed which when given in smaller doses specific- 
ally inhibits 11-8-hydroxylation, leading to reduced secretion of 11-hydroxy- 
corticosteroids and increased secretion of 11-desoxycorticosteroids.” The com- 
pound is more palatable than amphenone but has not been effective in blocking 
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aldosterone effects, possibly because of the accumulation of 11-desoxycorti- 
costeroids with resultant persistence in mineralocorticoid activity. Larger 
doses of this agent reduce production of all adrenal steroids. 

The exact manner by which any hormone acts at the target cell to modify 
the rate of fundamental biochemical reactions has yet to be elucidated. In the 
case of aldosterone, however, a group of compounds of considerable theoretic 
interest have been developed which appear to block specifically the renal tubular 
effects of the hormone.”* These compounds have received only scant attention, 
perhaps because quantitatively the order of magnitude of their effect is relatively 
small. Nonetheless this type of compound appears promising, not only as an 
investigative tool but also as a means of diagnosis and treatment in the various 
clinical states associated with hyperaldosteronism. The basic structural formula 
of the aldosterone inhibitors is presented in Fig. 5. These synthetic spirolactones 
were the product of a screening program prompted by the observation™ that 
progesterone appeared to block the renal effects of desoxycorticosterone. The 
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compounds seem to act through competitive inhibition, because they are inert 
in adrenalectomized animals and humans”:78 and because their effectiveness is 
related quantitatively to the amount of either desoxycorticosterone or aldo- 
sterone which is available to the kidney. Because they block aldosterone, these 
steroids have a unique property among known diuretic agents of promoting 
potassium retention with natriuresis. 

A number of compounds of varied origin perhaps should be mentioned. 
The substances fall into a nondescript group which has in common the capacity 
to modify renal tubular transport. Certain agents interfere with the renal tubular 
reabsorption of electrolyte. The classic examples are the diuretic agents, or- 
ganomercurials, carbonic anhydrase inhibitors, and chlorothiazide-like com- 
pounds. The order of magnitude of the effects produced by these agents in depress- 
ing sodium reabsorption coupled with the fact that they are effective in adrenal- 
ectomized subjects provides evidence that their major actions on the renal tubules 
are not concerned with blocking effects of sodium-retaining hormones. A number 
of other pharmacologic agents may cause increased renal tubular reabsorption 
of sodium. The list includes phenylbutazone, licorice, reserpine, tridione, as 
well as certain estrogens. The mode of action of these compounds and their 
relationship to aldosterone action are unknown. Still other agents, such as an 
amino nucleoside, have been used to produce experimental nephrosis. Singer’® 
has demonstrated an associated increase in adrenal venous aldosterone in animals 


receiving this compound. 


STATES ASSOCIATED WITH HYPERSECRETION OF ALDOSTERONE 


Primary Hyperaldosteronism.—Primary aldosteronism resembles the disease 
state which had been produced in animals by administration of excess mineralo- 
corticoid.'®:'® The syndrome is characterized by hypertension, muscle weakness, 
and at times polydipsia and polyuria. The diagnosis is confirmed by demon- 
stration of potassium depletion, elevated plasma bicarbonate, and, character- 
istically, the finding of an adrenal adenoma at operation. Description of the 
disease by Conn!® in 1955 occurred a considerable time after the many states 
of secondary hyperaldosteronism had become well recognized. The discovery 
was undoubtedly delayed by the fact that instances of renal potassium wasting 
could, it was thought, be attributed to primary renal disease. 

Clinical features: Since 1955 at least 25 additional cases of primary aldo- 
steronism have been reported. Ayres and associates“ reviewed 16 cases and found 
that hypertension, moderate or severe, was present in all cases. Muscular weakness 
at times with intermittent paralysis was noted in all but 3 of the cases and polyuria 
of more than 3 L. per day was observed in 15 of the 16 cases. 

In all of the reported cases, plasma electrolytes have been abnormal. Hypo- 
kalemia has been present in every case, but in a patient studied by Eales and 
Linder*® the hypokalemia was intermittent. Elevation of the plasma bicarbonate 
is also a characteristic finding, but a number of patients have been reported 
with normal levels.‘:*!* The plasma sodium may also be increased, but this is a 
less consistent finding. The blood pH is often elevated. 


Sacral ALDOSTERONE IN FLUID AND ELECTROLYTE DISORDERS 305 

The most frequently observed abnormality in renal function is the inability 
to produce concentrated urine—noted in 19 of 21 cases reviewed. This defect 
in tubular reabsorption of water is characteristically resistant to vasopressin. 
Proteinuria is often present. In hyperaldosteronism, the ‘‘ paradoxical aciduria’”’ 
noted in other states of hypochloremic alkalosis may not occur. The urinary 
pH tends to be neutral or alkaline, presumably because of the continuing kaliuria 
and also because ammonium ion comprises a relatively larger fraction of total 
hydrogen ion excreted. The increased ammonium excretion is unexplained but has 
been attributed to increased sodium reabsorption at the site of ammonia forma- 
tion, to a direct stimulation of renal glutaminase, and/or to nonspecific changes 
in intracellular pH.® Glomerular filtration is frequently normal in primary aldo- 
steronism even in the presence of impaired tubular reabsorption of water. In 
contrast, in potassium depletion of extrarenal origin the glomerular filtration 
is often reduced.* 

Several investigators have reported that administration of either hydro- 
cortisone or ACTH leads to natriuresis in aldosteronism.'*:*-8 The response 
occurred, in all instances, in the presence of a high dietary sodium intake. Measure- 
ments of possible associated changes in filtration rate have not been reported. 

More than 20 of the reported cases of the syndrome have been shown to be 
associated with an aldosterone-secreting adrenal adenoma, and 1 case was the 
result of an adrenal carcinoma.** Six cases of aldosteronism associated with 
bilateral adrenal cortical hyperplasia have now been reported.*’-* In all but 
1 case*’ of these 6, the syndrome of malignant hypertension with papilledema 
was present. In addition, in all but 1 patient” of these, subtotal adrenalectomy 
was carried out with clinical improvement. Malignant hypertension may also 
occur in association with an aldosterone-secreting adenoma. As yet no biochemical 
or physiologic differences are apparent which might allow one to differentiate 
the syndrome of bilateral hyperplasia from that associated with an adenoma, 
but 4 of the cases of bilateral hyperplasia occurred at a young age (9, 10, 13, and 
17 years of age). The patient reported by Hilton and associates” with bilateral 
hyperplasia also exhibited an abnormal rise in hydrocortisone after ACTH 
infusion. 

Two other cases of potassium depletion associated with malignant hyper- 
tension and high aldosterone excretion have been reported.*:’! In both, the 
authors have felt that the aldosteronism might be secondary to renal damage. 
Both of these patients succumbed without being helped by bilateral adrenal- 
ectomy. 

Pathologic physiology: While it is clear that the presenting symptoms in 
primary aldosteronism are related to either hypertension or the presence of 
potassium depletion, the pathologic physiology is not well understood. It is 
known that the hypertensive state produced in animals given mineralocorticoid 
is dependent on the administration of sodium ion®.?6 and is associated with 
increased tissue sodium and depletion of tissue potassium,* but the means by 
which it occurs have not been clarified. However, the potassium depletion of 
muscle tissue is undoubtedly related to the frequently observed muscular weak- 
ness and the less frequently encountered paralysis. 
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Impaired tubular reabsorption of water is the result of the effects of potassium 
depletion on renal function, a subject which has been recently reviewed.* Po- 
tassium depletion also leads to structural changes in the kidney which, in man, 
are characterized by vascular and degenerative changes in the convuluted tubules 
and at times by renal hypertrophy. 

Other, less well-defined defects in renal tubular function occur in potassium 
depletion. Tubular transport of para-aminohippurate (PAH) can be impaired 
by potassium depletion®® and this could account, in some part, for the impaired 
PAH clearances observed in potassium-depleted patients. Also, increased glu- 
taminase and carbonic anhydrase activity have been found in renal tissue in 
experimentally induced potassium depletion.* 


The syndrome of polydipsia and polyuria is not clearly understood. It can be 
produced in animals in the absence of significant potassium depletion, following 
either the institution of a low-potassium diet®® or the administration of desoxy- 
corticosterone.!®:!* Glucocorticoids in high dosage can also produce the syndrome.°*® 


Differences in primary and secondary aldosteronism: Although there are 
exceptions, edema is characteristically absent in primary aldosteronism. In 
these otherwise healthy subjects, ‘‘escape’’ from the sodium-retaining effects of 
the hormone occurs and sodium balance is re-established after retention of only a 
limited amount of sodium ion. It would appear that, in order for a state of edema 
to occur, in addition to hypersecretion of aldosterone, a disturbance in the circula- 
tion must be present which promotes the escape of fluid from the vascular tree!”° 
(as in nephrosis, cirrhosis, and heart failure). In contrast to primary aldosteronism, 
in the edematous states associated with secondary hypersecretion of aldosterone 
there is characteristically very little sodium excreted in the urine and there is no 
evidence of potassium wastage. Presumably, in these edematous states more 
of the filtered sodium and chloride is reabsorbed in the proximal tubule and as a 


result less sodium is available to allow potassium secretion by ion exchange in 
the distal portions of the tubule.*** Potassium secretion is thus limited and 


potassium depletion does not occur even in the presence of excessive amounts of 
aldosterone. In primary aldosteronism the fact that more sodium ions are present 
in the urine indicates that considerably more sodium reaches the distal portions 
of the nephron where potassium secretion can be promoted by K-Na ion exchange; 
potassium wastage is thus facilitated (Fig. 1). 

While these tubular mechanisms appear to describe adequately the sequence 
of events which leads to sodium balance with hypokalemic alkalosis in primary 
aldosteronism and to sodium and water retention in states of secondary aldo- 
steronism, the ultimate cause of the increase in proximal tubular reabsorption of 
sodium chloride, characteristic of edematous states, remains obscure. Reduced 
dietary sodium and reduced glomerular filtration may well contribute to a more 
complete proximal reabsorption of electrolyte in the edematous states of heart 
failure, nephrosis, and cirrhosis; but it is clear that sodium may be virtually 
absent from the urine in these states even when large amounts of sodium are 
administered and even when the filtration rate is actually increased to above 
normal.!°° 
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Diagnosis: The diagnosis of primary aldosteronism depends on the demon- 
stration of an adrenal origin for the observed renal wasting of potassium. While 
there is ample precedent for this phenomenon (the effects of desoxycorticosterone 
in animals and the potassium depletion noted in Cushing’s syndrome), in practice 
the situation has often been complicated by the following two factors: (1) The 
renal excretion of sodium, potassium, and hydrogen ions is interrelated through 
a common ion exchange mechanism such that, in any disease of the kidney in 
which there is either faulty hydrogen ion secretion or faulty sodium ion reab- 
sorption, excessive loss of potassium in the urine can occur. In ‘‘sodium-losing”’ 
renal disease there is often in addition an associated compensatory hypersecretion 
of aldosterone presumably activated as a result of the excessive sodium and water 
loss by the kidney.'" This hypersecretion can then contribute further to potas- 
sium wasting. These interrelationships have been illustrated in Fig. 1. (2) A 
second factor which complicates the diagnosis is the fact that potassium deficiency 
itself can either produce renal damage or intensify pre-existing renal disease. !” 

One might consider the cardinal abnormality of primary aldosteronism 
to be the tendency to renal potassium loss in the presence of gross body depletion 
of potassium and, as a corollary, the tendency to resist potassium repletion. Thus, 
in Conn’s'§ original patient, urinary aldosterone was high in the presence of 
potassium depletion. Administration of large amounts of potassium merely 
stimulated aldosterone production which in turn promoted kaliuria such that 
repletion could not be fully achieved. In contrast, in primary renal disease 
potassium repletion may be accomplished with relative ease.’ Faulty renal 
tubular hydrogen ion secretion (renal tubular acidosis) is usually excluded by the 
absence of hyperchloremic acidosis in the plasma, but sodium-losing renal disease 
is more difficult to rule out and often requires the demonstration of normal 
sodium conservation on a low-sodium, metabolic balance regimen. *? 

The differential diagnosis of primary aldosteronism may also require the 
exclusion of potassium depletion of extrarenal origin. The nephropathy of po- 
tassium depletion does not, per se, impair renal potassium conservation. It has 
been shown that patients with prolonged potassium deficiency due to excessive use 
of laxatives can conserve potassium normally even when severely depleted, so 
that the urinary excretion of this ion may be less than 10 mEq. per day. Ac- 
cording to Relman and Schwartz,” such a low urinary excretion of potassium is 
strong evidence against either hyperadrenalism or potassium-losing renal disease. 
In addition, these patients differ in that they manifest low urinary aldosterone 
excretion and a tendency to sodium and water retention. 

The diagnosis of primary aldosteronism ultimately depends on the demon- 
stration of an increase in the effective circulating hormone. This subject has been 
considered above, but it should be emphasized that several cases have been re- 
ported in which the urinary aldosterone content was repeatedly within normal 
limits.“4 In 1 of our patients, urine aldosterone was normal but urinary tetrahy- 
droaldosterone was increased.*! In certain instances measurement of more than 


one urinary product or, alternatively, determination of the secretory rate or 


blood level may be necessary. 
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In Fig. 6, data obtained from a patient with documented primary aldo- 
steronism due to an adrenal adenoma are presented. The patient was a 60-year- 
old widow who had been followed at regular intervals in the Presbyterian Hos- 
pital since 1925. She was known to have had hypertensive vascular disease with 
blood pressures in the range of 200/115 for 28 years. Throughout this period 


there was no observed nitrogen retention or significant proteinuria. Frequently, 
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Fig. 6.—Metabolic balance data from a 60-year-old widow with primary aldosteronism. Intakes of 
Na and K are shown at the top. In the first period, normal sodium conservation on sodium deprivation 
was demonstrated; potassium excretion was also reduced by the low-sodium diet. Potassium excretion 
was then increased by raising the sodium intake. As the potassium intake was increased, output also 
increased, so that repletion was difficult to achieve. Hypersecretion of aldosterone was demonstrated. 
Adrenal secretory activity was not particularly related to sodium intake but was increased considerably 
by potassium administration (see text). 


especially in the 5 years prior to the present admission, she had entered the clinic 
to complain of muscle cramps and weakness in her legs. For more than 5 years 
she had been on maintenance digitalis for mild congestive heart failure and also 
had been advised to resort to dietary sodium restriction. On admission to the 
hospital she was given a mercurial diuretic and lost 7 pounds. Following injection 
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of the mercurial diuretic, she developed bigeminal rhythm, nausea, vomiting, 
and pronounced muscular weakness. It was at this time that the serum elec- 
trolytes were checked for the first time, and she was found to have a plasma 
sodium level of 146 mEq. per liter, potassium 2.0 mEq. per liter, chloride 76 
mEq. per liter, and CO, 49 mM. per liter. The blood urea nitrogen was 13, 
urinary pH 5.5, and urine specific gravity 1.008. At first it was thought that the 
hypokalemic alkalosis was the result of unusual sensitivity to the mercurial 
diuretic. It became apparent, however, that it was quite difficult to restore the 
plasma electrolytes. The patient was given up to 20 Gm. of potassium chloride 
daily for almost a week with no significant change in the electrolyte composition 
of the plasma. 

The patient was transferred to the metabolic ward where a balance study 
was carried out. The data illustrate, first of all, that on a low-sodium diet the 
urinary potassium values fall markedly below the intake of potassium, implying 
normal proximal tubule sodium reabsorption. In addition, sodium conservation 
was actually demonstrated to be entirely normal—very low urinary sodium values 
were achieved on the fourth day of deprivation. This finding clearly excluded the 
possibility of sodium-losing renal disease. When, in the second and third periods, 
additional sodium was administered, the urinary potassium excretion tended to 
rise. However, the most striking observation on the metabolic balance was the 
finding that as the potassium intake was increased to 220 mEq. per day, the 
potassium excretion increased too, and the patient excreted over 300 mEq. 
per day on one of the days of this period. Presumably, the increased potassium 
excretion was aided by increased aldosterone activity. This actually was demon- 
strated. Six aldosterone secretion rate determinations were made. It was clear 
that the patient secreted an excess of aldosterone. On a low-sodium diet the 
values were 785 and 1,080 ug per day, and on a high-sodium diet, 860 and 650 
ug per day. Thus, unlike in normal subjects, the hypersecretion did not appear 
to be significantly modified by changes in dietary sodium. When potassium supple- 
ments were added to the diet, the aldosterone secretion rate rose to values of 1,900 
and 2,000 ug per day. The adrenal adenoma was sensitive to increases in dietary 
potassium and independent of changes in dietary sodium. Autonomy of secretory 
activity of an adrenal adenoma with respect to changes in the sodium intake, 
however, is not necessarily a unique characteristic of an aldosterone-secreting 
tumor. The phenomenon also occurs in seconary aldosteronism where, in our 
hands, aldosterone secretion may not be significantly modified by changes in 
dietary sodium intake.® 

Secondary A ldosteronism.—Secondary aldosteronism, as the name implies, de- 
scribes the adrenal hypersecretion which occurs as a result of a primary disturb- 
ance elsewhere in the body. As previously pointed out, it appears that some 
disturbance of the normal circulatory relationships must usually be present in 


order for the hypersecretion to ensue. Increased venous pressure, hypoproteinemia, 
100 


and increased permeability of the capillaries are important factors in this regard. 


Secondary aldosteronism was first described by Deming and Luetscher* 
in 1950. These workers reported unusually high sodium-retaining activity in 
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the urine of patients forming edema with nephrosis and with congestive heart 
failure. Subsequently, Luetscher and his co-workers®!™ identified the sodium- 
retaining substance as aldosterone and showed that the amount of aldosterone 
present in urine, in general, correlated with the degree of sodium retention pre- 
sent. Many investigators have confirmed and extended these findings.‘®-47:%° 
In cirrhosis of the liver with ascites, marked increases in urinary aldosterone also 
occur!.1%. but in liver disease without ascites, no increase in urine aldosterone 
has been found.!% 

It is possible that faulty degradation of aldosterone might account for the 
increased urinary aldosterone in certain edematous states. In a recent study, 
however, marked adrenal hypersecretion of aldosterone has been demonstrated 
in cirrhosis and in nephrosis.*® (The adrenal production has been found to vary 
from 1 to 25 mg. per day.) (Fig. 5.) This hypersecretion appears to be independent 
of the dietary sodium intake. In contrast, in 3 patients with advanced congestive 
heart failure the aldosterone secretion rate was found to be normal or low. As 
stated previously, this difference may provide another clue in the study of the 
factors involved in determining aldosterone secretion. 

Hypersecretion of aldosterone in edematous states, although secondary, 
frequently plays a critical role in the pathogenesis of edema formation. In animals 
the rate of edema formation can be related quantitatively to the amount of 
available adrenal hormone,*® and in man bilateral adrenalectomy can result in 
striking diuresis in cirrhosis, nephrosis, and heart failure.1°° Also, the spontaneous 
or induced diureses of the nephrotic syndrome are associated with a sharp fall 
in urinary aldosterone.> Nonetheless, it is important to appreciate that many 
other factors are involved in edema formation. It is difficult to produce experi- 
mental edema in the absence of adrenal function, but in patients with congestive 
heart failure or cirrhosis, edema may persist after aldosterone production has 
been suppressed with amphenone.*®-7! 


HY POALDOSTERONISM 


Two cases have been reported!°8:!°? in which a specific defect in the adrenal 
cortical secretion of aldosterone was postulated. Both cases were characterized 
by absence of detectable urinary aldosterone in the presence of normal gluco- 
corticoid function. The clinical picture in the 2 cases was quite different. In 1 
case weakness and hypotension were present but renal sodium conservation 
was normal. In the second case, congestive heart failure, Adams-Stokes attacks 
associated with hyperkalemia, and poor renal sodium conservation were present. 
While a specific failure of aldosterone secretion might well have been present in 
these 2 cases, the normal sodium conservation in the case reported by Skanse 
and associates and the complicating cardiac disease in the case reported by Hudson 
and colleagues appear to leave the question unsettled. From experience gained 
from following adrenalectomized patients maintained on cortisone, one might 
expect the pure syndrome of primary hypoaldosteronism to be characterized by 
weakness, hypotension, faulty conservation of sodium, and perhaps potassium 
retention. Such a syndrome, in pure form, has yet to be described. 
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OTHER STATES ASSOCIATED WITH ABNORMALITIES IN ALDOSTERONE 


Hypertensive Disease.—The relationship between aldosterone and the control 
of blood pressure in normal subjects as well as in hypertensive patients may be a 
subject of considerable importance. Aldosterone acts to maintain a normal blood 
pressure in adrenalectomized dogs* and in patients with Addison’s disease.?’-?° 
Aldosterone may or may not produce hypertensive disease in animals,'!°-"? and 
hypertension, at times of the malignant type, is the single most consistent 
finding in patients with proved primary aldosteronism. However, the relation 
of aldosterone to other states of arterial hypertension in man is not clear. Genest 
and associates!!* have reported increased urinary excretion of aldosterone in 
55 per cent of patients with hypertension of varied origin. Further study of 
the relationship of this hormone to the various states of hypertension in man is 
obviously necessary. 

Recently, a detailed study of hypertensive subjects was reported! in which 
the amount of aldosterone actually secreted by the adrenal glands was measured 
by a precise isotope dilution technique. The findings were correlated with changes 
in sodium intake, acid-base balance, and when possible with adrenal structure. 
Unlike previous studies, the method employed is not dependent on the measure- 
ment of the small amount of unchanged hormone excreted in the urine. In 8 
patients with benign essential hypertension, the adrenal secretion rate of aldo- 
sterone was found to be within the normal limits (177 to 330 ug per day). The 
values were similar to those obtained in 8 normal subjects maintained on com- 
parable normal intakes of sodium ion. The secretion rate of aldosterone was also 
within the normal range in 2 patients with hypertension associated with unilateral 
renal disease. 

In this study, 5 patients with proved primary aldosteronism due to adrenal 
adenoma (Conn’s syndrome) exhibited significantly increased secretory rates of 
from 510 to 1,690 ug per day. 

In 4 of 8 patients with advanced hypertension studied and in all but 1 of 
15 patients with ‘‘malignant’”’ hypertension, the adrenal secretion rate of aldo- 
sterone was significantly elevated. The abnormal values ranged from 510 to 10,000 
ug per day in these patients. The patients with malignant hypertension resembled 
those with primary aldosteronism in that the hypersecretion was not associated 
with grossly reduced urinary sodium excretion. With unexpected frequency, 
patients with malignant hypertension also exhibited a tendency to hypokalemia 
and/or elevated plasma bicarbonate, even in the presence of renal failure. 

The results provide no indication that aldosterone hypersecretion partici- 
pates in the pathogenesis of primary (essential) hypertension. But the data 
established that the syndrome of malignant hypertension is usually associated 
with hypersecretion of aldosterone. 

Hypersecretion of aldosterone in malignant hypertension may prove to be 
a secondary phenomenon. The possibility that it is causative at least in part, 
however, cannot be excluded. 

Idiopathic Edema.—The syndrome of cyclic edema usually occurring in 
women has been reported to be associated with increased urinary aldosterone 
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in the presence of a normal or high dietary sodium intake." The normally 
occurring suppression of aldosterone output on administration of sodium ap- 
pears to occur less readily in this condition. 

Postural Hypotension.—A group of patients with autonomic dysplasia and 
associated postural hypotension have been found to exhibit failure to increase 
aldosterone output in response to sodium deprivation.* In contrast, two subjects 
with postural hypotension studied in our own clinic have exhibited marked 
increases in aldosterone secretion rate.*! Obviously, these subjects with impaired 
functions of the autonomic nervous system represent a heterogeneous group. 
Defects are conceivable in afferent or efferent transmission as well as in the 
central nervous system. Careful study of such patients promises to yield important 
information about the factors concerned in the regulation of aldosterone secretion. 

Pregnancy.—In pregnancy aldosterone secretion may at times be signifi- 
cantly increased,''® perhaps in association with increased output of progesterone; 
a steroid with natriuretic properties.”4 Increased conjugation of the free hormone 
and decreased conversion to other metabolites was also reported.!!® Whether 
or not aldosterone is increased to a greater extent in the toxemia of pregnancy 
than it is in normal pregnancy is not clear."7-1!9 

Congenital Adrenal Hyperplasia.—In congenital adrenal hyperplasia tne 
urinary aldosterone content!”® and the aldosterone secretory rate’! may be either 
normal or slightly increased despite the presence of a sodium-losing state. How- 


ever, one group has reported low aldosterone excretion in these patients.’” Yet, 
at present it is difficult to ascribe the ‘‘sodium-losing’’ state to an absolute 


deficiency of aldosterone. 

Cushing's Syndrome.—In Cushing’s syndrome, 2 of our patients with marKxea 
hypokalemic alkalosis have been found to have normal secretion rates of aldo- 
sterone.*! The finding indicates again that other adrenal steroids produced in 
excess can produce similar electrolyte disturbances. (In 1 reported patient with 
the clinical manifestations of aldosteronism, increased secretion of corticosterone 
might have produced the disease state.!**) Two cases of Cushing’s syndrome with 
increased aldosterone excretion have been reported.!*4:!%5 


Familial Periodic Paralysis.—In familial periodic paralysis, Conn has shown 
that the attacks of paralysis can be preceded by retention of sodium, a concurrent 
fall in the plasma potassium, and a sharp rise in urinary aldosterone.'*® Recovery 
from these attacks is associated with changes in the opposite direction. Attacks 
have actually been produced by administration of sodium-retaining steroids. 
This group has concluded that the potassium sequestration of acute attacks is 
uniformly preceded by sodium retention and have, therefore, recommended 
sodium deprivation as a therapeutic measure. In addition, Conn and associates 
have found increased intracellular sodium and decreased intracellular potassium 
per kilogram of wet muscle tissue of these patients. These heretofore undescribed 
findings have not vet been entirely confirmed by others, including ourselves. 
Again, however, this group of patients may be heterogeneous. Study of such 
patients promises to reveal important information about the relationship of 
aldosterone to ion transport across certain cellular membranes. 
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Postoperative Studies.—A group of patients has been studied after surgical 
operation, and a rise in urinary aldosterone has been reported.'?7:!"5 The relation- 
ship between the trauma of surgical operation and aldosterone secretion remains 
unexplained, but the effect might be the result of ACTH release. 
Emotional Factors.—Finally, it should be noted that several groups have 
related changes in aldosterone excretion to stress and anxiety. !29-!3! 


SUMMARY 


Aldosterone plays a major role in regulating the amount of sodium and 
potassium in the body through its direct effects on the renal tubule. 

When hypersecretion of aldosterone occurs in an otherwise normal subject, 
a syndrome characterized by hypertension and by potassium depletion is pro- 


duced. 

Marked hypersecretion of aldosterone occurs in the edematous states of 
cirrhosis and nephrosis. The means by which this hypersecretion occurs is not 
known, but it is clearly secondary to disturbances in the circulation which pro- 
mote transudation. Hypersecretion in this setting leads instead to marked and 
sustained renal retention of sodium. Hypertension and potassium depletion are 
not produced. 

In patients with advanced congestive heart failure, hypersecretion may not 
be present. This finding perhaps suggests a fundamental difference in the nature 
of the stimulus to aldosterone secretion in heart failure as compared with that 
in nephrosis and cirrhosis. 

The secretion of aldosterone is related directly or indirectly to potassium 
balance, to blood volume change, and perhaps to ACTH. These factors do not 
adequately account, however, for the hypersecretion of aldosterone noted in 
various clinical and experimental situations. There is now evidence which suggests 
that pressure changes within the vascular tree, not necessarily related to over-all 
volume change, may serve as an important stimulus. The relationship between 
pressure changes and electrolyte metabolism is obscure, but it is clear that 
aldosterone can participate in acute hemodynamic adjustment and that it may 
play a role in the maintenance of blood pressure. 

Recent work indicates that the syndrome of malignant hypertension is 
often associated with hypersecretion of aldosterone. In contrast, the secretion of 
aldosterone has been found to be normal in benign hypertension. Hypersecretion 
of aldosterone in human malignant hypertension could prove to be a secondary 
phenomenon, but the possibility that it plays a causal role cannot be excluded. 

A word about the role of aldosterone in homeostasis may be in order. It 
is important to remember that the secretion of aldosterone falls to very low, 
addisonism-like levels when the dietary sodium content is high and, also, that 
certain adrenalectomized patients given cortisone do not require mineralo- 
corticoid for well-being. Thus, aldosterone secretion may become important only 
when the body is threatened by hypotension, by sodium and water depletion, 
or by excessive accumulation of potassium. Accordingly, the syndrome of pure 
hypoaldosteronism may be difficult to identify. 
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~» LECTROLYTE disturbances are a common feature of advanced renal disease, 
and their appearance is often regarded as a sign that the terminal phase 

has been reached. While in many instances this view is correct, it is not always 
appreciated that electrolyte disorders also occur as intercurrent complications 
of a stable or only slowly progressive renal lesion, and that they in themselves 
may be responsible for rapid and sometimes fatal deterioration. Their early 
recognition and proper treatment are then clearly of paramount importance. 


A great deal of information has accumulated concerning these disorders, 
but since it is scattered through many publications and since much of it is of 
recent origin, a review of the topic seems timely. In many instances, the chain 
of the causation linking the renal lesion to the clinical manifestations can be 
described in accurate terms. Such a description will be attempted in this paper, 
because an understanding of the mechanism by which the disturbances arise 
will make them easier to recognize and correct, and will sometimes make it 
possible to prevent their occurrence. 


POTASSIUM 


The kidney is the major route for potassium excretion, and it is therefore 
not surprising that with progressive destruction of nephrons some degree of 
hyperkalemia often occurs. Perhaps more remarkable is the fact that, despite 
losses of even 80 to 90 per cent of functioning renal mass, many patients continue 
to maintain their serum potassium at normal levels, and in most of the remainder 
the elevations are only moderate and of no serious clinical significance. Spontan- 
eous elevations of serum potassium concentration to levels above 5.5 mEq. per 
liter occur in less than one-half of patients with severe azotemia, and elevations 
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above 6.5 or 7.0 mEq. per liter are uncommon until severe oliguria (urine volume 
less than 250 c.c. per day) supervenes in the terminal phase of uremia.'~4 
The existence of a normal or only slightly elevated serum potassium con- 
n in most patients with chronic uremia clearly implies that potassium 
excr | is proceeding at a normal rate, despite marked reductions in the quantity 
filtered at the glomerulus. The relative independence of potassium clearance 
and filtration rate is probably accounted for by the fact that potassium excretion 
is primarily a tubular function.’ Most, if not all, of the filtered potassium is 
reabsorbed in the proximal tubules.’ Potassium which appears in the urine is 
evidently added to the glomerular filtrate by a secretory process in which potas- 
sium from the tubular cells is exchanged for sodium in the glomerular filtrate.’ 
Therefore, when excretion is maintained at normal levels despite loss of many 
nephrons, each remaining tubule must be secreting potassium much faster than 
usual. This increased secretory rate, often ten to twenty times greater than nor- 
mal, may well be achieved by an adaptative process similar to that seen in animals 
chronically loaded with potassium.’ After such chronic administration, excretion 
of potassium is strikingly facilitated and a load which previously would have been 
fatal can readily be tolerated. An analogous situation may exist in patients with 
a marked reduction in nephron population, for whom the usual dietary intake of 


centr 


60 to 80 mEq. per day constitutes a large potassium load. In any event, by the 
time this adaptive capacity is lost and severe hyperkalemia develops sponta- 
neously in chronic renal failure, little will be achieved by lowering the serum po- 
tassium concentration since survival is not ordinarily prolonged for any appreci- 
able time. 

Hyperkalemia may, however, be an important reversible complication of 
renal insufficiency in patients with mild or moderate degrees of renal damage 
n whom potassium intoxication results from some intercurrent complication. 


i 


Patients with even moderate degrees of renal failure do not excrete potassium 


loads normally!®:" and a variety of factors may produce intoxication in an other- 
wise well-stabilized patient. Thus, following ingestion of a potassium salt in 
association with mercurial or chlorothiazide therapy or consumption of large 
quantities of low-sodium, high-potassium milk, serum potassium concentration 
may rise and electrocardiographic signs of intoxication’ may appear. Reversible 
hyperkalemia may result not only from an increased intake of potassium, but 
also as the consequence of decreased excretion due to dehydration and oliguria. 
Fluid losses from vomiting or diarrhea are most often responsible, since patients 
with azotemia are particularly prone to these disorders. A third and relatively 
common cause of intercurrent hyperkalemia is acidosis. As hydrogen ions ac- 
cumulate in the extracellular fluid, some are transferred to cells where they 
displace potassium which is then delivered to the extracellular fluid. If renal func- 
tion is poor, the extra load of potassium is not excreted efficiently and serum 
concentration rises. Furthermore, even in the presence of normal renal function, 
a low extracellular pH in itself tends to elevate the serum potassium concentration 
by altering the gradient along which potassium is distributed between intra- 


and extracellular fluid.” 
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If excessive administration of potassium is responsible for hyperkalemia, 
potassium supplements should be discontinued. If the patient is dehydrated 
and oliguric, the appropriate fluids and electrolytes should be administered. 
Alkali therapy usually produces a rapid fall in serum potassium concentration, 
and often within 1 or 2 hours the serum potassium concentration will have dropped 
by 1 to 2 mEq. and the electrocardiographic abnormalities will have been largely 
reversed. This drop in serum potassium may occur without striking augmentation 
of renal potassium excretion and probably is the consequence of buffering of 
cellular hydrogen and a return of potassium from extracellular fluid to the cells, 
as well as of a rise in extracellular pH. In patients with a low extracellular pH 
and normal serum potassium concentration, it can usually be assumed that total 
body potassium stores are depleted and that the serum concentration is speciously 
high. Correction of the acidosis is usually accompanied by a drop in potassium 
concentration to subnormal levels, often to less than 3 mEq. per liter, and one 
should be alert to the possible appearance of hypokalemia and muscle weakness. 
In the digitalized patient there is the additional hazard of arrhythmias. 

As a temporary expedient in the treatment of severe hyperkalemia, glucose 
and insulin may be administered intravenously. Although the reduction in 
serum potassium which results from glycogen synthesis and an accompanying 
transfer of potassium from the extra- to the intracellular space lasts only a 
few hours to several days, it may provide a respite during which the underlying 
renal disturbance can be resolved. Ion exchange resins are occasionally useful 
in lowering serum potassium concentration, but they often cause severe gastro- 
intestinal symptoms. If none of these measures is successful, dialysis by means of 
peritoneal lavage or the artificial kidney may be employed. These latter pro- 
cedures are ordinarily not justified in the patient with chronic renal failure 
because of the temporary nature of the improvement, but may occasionally be 
indicated in the patient with an acute complication of an otherwise moderate 
and stable degree of renal insufficiency. In acute renal failure due to tubular 
necrosis, dialysis is, of course, a valuable and often lifesaving measure in the 
management of otherwise uncontrollable hyperkalemia. 

Hypokalemia, rather than hyperkalemia, is seen in an occasional patient 
with severe azotemia. In most of these, potassium deficiency can be accounted 
for on the basis of anorexia and an inadequate food intake or extrarenal losses 
from either vomiting or diarrhea. Under these circumstances, even in the absence 
of renal disease, potassium depletion might be expected and it is not necessary 
to postulate any defect in renal conservation. Renal potassium wasting ordinarily 
occurs in patients with primary renal disease only when the tubular lesion is 
far more prominent than the glomerular as, for example, in ‘‘renal tubular acido- 
sis,’ and Fanconi’s syndrome. The diagnosis is readily made since the degree 
of azotemia is usually slight and there is other evidence of specific tubular dys- 
function such as hypophosphatemia, inability to acidify the urine, and amino- 
aciduria. Patients in the diuretic phase of acute tubular necrosis sometimes 
develop hypokalemia, but they are easily distinguished from other patients 


with azotemia and hypokalemia. 
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When unexplained hypokalemia occurs in a patient whose only evidence 
of tubular dysfunction is an inability to concentrate the urine and in whom 
there is little or no impairment of glomerular filtration rate, potassium depletion 
secondary to extrarenal potassium loss or to primary aldosteronism with renal 
potassium loss should be suspected. In these individuals the tubular disease 
is secondary to the potassium depletion and is largely or completely reversed 
by correction of the potassium deficit.’4 It seems likely that, in the past, many 
patients with renal potassium wasting and hypertension who were thought to 
have degenerative renal disease were actually suffering from primary aldosteron- 
ism with secondary potassium depletion nephropathy. In some patients with 
primary aldosteronism, azotemia occurring secondary to the hypertension or a 
superimposed pyelonephritis makes it more difficult to arrive at the correct 
diagnosis. There is some evidence that the kidney injured by potassium depletion 
is particularly susceptible to pyelonephritis." 

Whether potassium wasting can occur solely as a consequence of the common 
degenerative diseases such as glomerulonephritis, pyelonephritis, or nephro- 
sclerosis is still not certain. Such an entity well may exist, but the available 
data in most instances do not definitely exclude the diagnosis of primary aldo- 
steronism. It should be pointed out that, when potassium depletion occurs in 
patients with azotemia as a consequence of vomiting, diarrhea, and poor intake, 
additional structural damage to the kidney may result. It seems reasonable to 
assume that such secondary renal damage may produce further functional im- 
pairment, and it is therefore desirable to repair the potassium deficit, taking 
care not to cause hyperkalemia. 


SODIUM 


Sodium depletion is often seen in chronic renal disease. Its commonest 
causes are vomiting and diarrhea, and in the presence of these symptoms its 
diagnosis is relatively easy. More emphasis will therefore be given in the following 
discussion to the other major cause, renal salt wasting, for in this condition the 
gradual and occult nature of the sodium loss may give rise to serious diagnostic 
errors. 

Sodium wasting is a common feature of many types of renal disease, and 
there exists no discrete clinical entity which can properly be called ‘‘salt-wasting 
nephritis.’’ The exact mechanism of salt loss is not known, but it has usually been 
attributed to tubular damage, with consequent impairment of reabsorptive 
capacity. More recently it has been suggested that this may not be the case but 
that an osmotic diuresis, resulting from the high urea concentration of the 
glomerular filtrate, may be responsible.* In most patients with a diminished 
ability to conserve sodium, the renal defect is not apparent so long as the diet 
contains a normal amount of salt (50 to 100 mM. per day). When dietary re- 
striction or anorexia leads to a reduced sodium intake, the failure of the kidneys 
to respond with a sufficient reduction in their sodium output leads to the 
development of a negative balance. This negative sodium balance is usually ac- 
companied by a loss of water and progressive contraction of the extracellular 
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fluid volume. At first the losses of sodium and water may occur in a parallel 
fashion and produce an isotonic contraction of the extracellular fluid, so that 
the serum sodium concentration may be normal or nearly normal at a time 
when volume is significantly diminished. As sodium depletion becomes more 
severe, water is no longer lost proportionately and in consequence hyponatremia 
develops. The degree of hyponatremia gives a gross underestimate of the degree 
of sodium depletion, since the sodium is now distributed in an extracellular fluid 
volume which is diminished by external water loss, and also by movement of 
water into the cells. It should be emphasized that the serum sodium concentration 
per se has little clinical significance unless it drops to a very low level, when it 
may induce signs and symptoms of water intoxication. The common clinical 
signs of salt depletion are the consequence not of hyponatremia, but of 
hypovolemia. 

Diminution of the extracellular volume, even in subjects with healthy 
kidneys, commonly leads to a mild degree of nitrogen retention. When renal 
blood flow and glomerular filtration rate are already reduced by chronic disease, 
the kidney is unusually susceptible to further impairment of its circulation, and a 
rise in the blood urea nitrogen to high levels is likely to occur. Even a degree of 
volume depletion which is not easily detected by physical examination may 
compromise renal function in patients with chronic renal insufficiency. Usually 
some loss of skin turgor, evidence of peripheral vasoconstriction, and reduction 
of blood pressure will be evident, but the presenting picture of renal salt wasting 
is most often dominated by nausea, vomiting, mental clouding, and other signs 
of uremia. Since such patients are already known to be azotemic, the further rise 
in blood urea nitrogen and deterioration of the clinical state, as well as the hypo- 
tension, may be erroneously attributed to the progression of the underlying 
kidney disease. This error can be avoided if it is recognized that patients with 
degenerative renal disease, such as chronic pyelonephritis or chronic glomeru- 
lonephritis, rarely show a rapid advance in the degree of their renal insufficiency 
unless some complicating factor is superimposed on the underlying process. 
Any rise in blood urea nitrogen over several days or weeks should, therefore, 
be viewed with suspicion and some specific explanation such as sodium depletion, 
acute asymptomatic renal infection, or obstruction should be looked for. 

Although the gradual depletion which results from renal salt wasting usually 
leads to the insidious deterioration which has been described, it must be borne 
in mind that the vomiting and diarrhea which are commonly seen in patients 
with azotemia may produce salt depletion more acutely, and that this may occur 
whether or not a salt-wasting defect is present. With rapid depletion, circulatory 
symptoms and signs are more prominent, and the patient may even be in a state 
of shock when first seen. However, in uncomplicated renal salt wasting this is 
unusual. 

The simplest way to establish the diagnosis of salt wasting is to measure 
the urinary sodium. In the presence of obvious volume depletion or of hypo- 
natremia, an output of more than 4 or 5 mEq. per day indicates impaired conserva- 
tion, and a random urine specimen containing more than 5 to 10 mEq. per liter is 
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highly suggestive. A sodium-free urine in a patient with severe hypovolemia 
may not entirely exclude sodium wasting, since a fall in glomerular filtration 
rate tends to restore glomerulotubular balance.'* If the patient shows no signs 
of circulatory insufficiency and the serum sodium is normal, the diagnosis requires 
the demonstration that the output is in excess of the intake. This can only be 
done by a balance study. 

The fact that many cases of renal salt wasting first come to light in hospitals 
is no mere coincidence, but is often due to the ill-considered use of low-salt 
diets and to the widespread practice of giving largely salt-free fluids postop- 
eratively. Unless a patient with chronic renal disease has a complication which 
promotes excessive sodium retention, such as severe heart disease or hypo- 
proteinemia, there is no indication for a restricted salt intake. Hypertension and 
renal failure do not in themselves require such treatment. When salt restriction 
cannot be avoided, the weight and plasma sodium must be checked frequently in 
the early stages and if either falls the intake should be increased. 

As was mentioned earlier, renal losses will usually be balanced by a normal 
intake, and individuals who are able to reduce their excretion to 10 or 20 mEq. 
per day will only become salt depleted under the stress of a rigorous low-salt diet. 
However, the severity of the salt-wasting defect varies widely from patient to 
patient, and occasionally a small daily supplement of sodium chloride will be 
necessary. Rarely a patient will require a sodium intake of 200 to 300 mEq. 
in order to remain in balance, and, under these circumstances, as much as 10 to 
15 Gm. of salt may have to be added to the diet each day. 


Some patients may develop sodium depletion on a low-salt diet, and yet 


because of hypertensive heart disease develop congestive heart failure when 
their sodium intake is increased to high levels. In these cases a precarious balance 
exists between the glomerular filtration and tubular reabsorption of sodium. 
Their salt intake must be carefully regulated so as to avoid edema on the one 


hand and sodium depletion on the other. 

In the treatment of patients with renal salt wasting it is necessary first to 
repair the sodium deficit and subsequently to establish a regimen which will main- 
tain sodium balance. If the deficit has not led to hyponatremia, it can be repaired 
with isotonic salt solutions, since restoration of volume is all that is required. 
If hyponatremia is present it will be necessary not only to repair the volume deficit, 
but to provide a sufficient quantity of hypertonic salt solution to restore a normal 
serum sodium concentration. Hypertonic solutions expand the extracellular fluid 
by more than their own volume, since they draw additional water from the cells 
until osmotic equilibrium is re-established between intracellular and extracel- 
lular fluids. Therefore the patient needs enough sodium to restore the tonicity 
of both fluid compartments to normal, and the requirement should be calculated 
on the basis of total body water.* This replacement, if given rapidly, carries the 
serious risk of precipitating acute left ventricular failure and, in occasional cases, 
severe hypertension with encephalopathy. Two to three days should therefore 


*If W is the body weight and P the observed plasma sodium concentration, the amount of sodium 
necessary to raise the concentration to 140 mEq. per liter is approximately (140 — P) x (0.6 W). 
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be allowed for full correction of severe hyponatremia. If a patient has both acidosis 
and hyponatremia, the sodium deficit should be repaired partly with sodium 
bicarbonate and partly with sodium chloride. The proportion depends solely 
upon the estimated deficit of bicarbonate. 

In the unusual instance where the patient presents in shock, the urgent 
need is for a fluid which will remain in the intravascular compartment. Therefore, 
treatment should be begun with blood or plasma, and the question of more 
precise volume and sodium repletion deferred. 


The importance of the early diagnosis of salt wasting and the proper treat- 
ment of volume depletion in chronic renal disease cannot be overemphasized. 
Sodium deficiency is a reversible cause of progressive renal failure, and its cor- 
rection may often restore a patient to relatively good health for a long period of 


time. 


ACIDOSIS 


Acidosis in chronic renal insufficiency has usually been attributed to the 
retention of ‘‘acid anions” such as phosphate and sulfate. Since the retention 
of these anions results primarily from a reduction in glomerular filtration rate, 
impairment of this latter function is often considered the proximate cause of 
renal acidosis. Such a view is inconsistent with established concepts of physical 
chemistry which define an acid as any substance which donates hydrogen ion 
(protons), and a base as any substance which accepts hydrogen ions. In these 
terms, substances such as sulfate, dibasic phosphate, and chloride are actually 
weak bases rather than acids, and rises or falls in their concentrations could not 
be expected to influence the pH of the body fluids significantly. This theoretic 
view is borne out by the clinical observation that patients with azotemia with 
similar elevations of ‘‘unmeasured anions’’ may have widely different plasma 
bicarbonate concentrations. Conversely, marked fluctuations in plasma _bi- 
carbonate concentration can occur in the absence of significant change in ‘“‘un- 
measured anions.”’ 

It is also fallacious to attribute uremic acidosis to a loss of sodium, sometimes 
erroneously called ‘‘fixed base.’’ Sodium is neither a hydrogen donor nor acceptor, 
and changes in its concentration do not affect acid-base equilibrium.'’ This is 
illustrated by the fact that patients with hyponatremia often are not acidotic, 
and conversely that patients with azotemia with normal serum sodium concentra- 
tions are often severely acidotic. 

The confusions and contradictions inherent in the classic views of renal 
acidosis are readily dispelled by application of modern concepts of acid-base 
equilibrium.'’ The single largest acid moiety produced by the body is COs, which 
is hydrated to carbonic acid, buffered in the red cells, and ultimately released 
in the lungs. Some 20 mols of carbonic acid are produced each day, but this 
imposes no requirement for hydrogen excretion on the kidney since essentially 
all of it is removed as CO». There is on the other hand a continuous require- 
ment for renal excretion of the 40 to 60 mEq. of hydrogen normally released 
from the tissues each day by the oxidation of sulfur and other precursors of 
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nonvolatile acids.*!8!° After transfer to the extracellular fluid, hydrogen is 
buffered largely by bicarbonate and thus the impact on extracellular pH is 
minimized at the expense of a fall in the bicarbonate concentration. However, 
if body alkali stores are not to be progressively depleted, the kidney must re- 
generate the bicarbonate ions used in the buffering process. This goal is accom- 
plished by tubular secretion of hydrogen ions into the glomerular filtrate; the 
bicarbonate ions formed in the process diffuse from the cells into the peritubular 
venous blood and restore the plasma concentration to normal. In renal disease, 
acidosis develops because excretion of hydrogen is impaired, and consequently 
bicarbonate stores are not fully regenerated.t 

This explanation carries the important implication that when acidosis 
is not increasing a balance must have been achieved between the rate of hydrogen 
production and the rate of hydrogen excretion.!” Just as the patient with an 
elevated but steady blood urea concentration is excreting as much urea as he 
is producing, so the patient with a low but steady plasma bicarbonate concen- 
tration is disposing of acid as rapidly as it is being released. 

These theoretic considerations, while predicting in a general way the se- 
quence of events which must ensue as acidosis develops, do not provide an ade- 
quate description of the tubular abnormalities responsible for progressive acidosis 
or of the means by which patients achieve a new steady state at subnormal 
plasma bicarbonate concentrations. It must be borne in mind that since the 
kidney can in no circumstances produce a high concentration of free hydrogen 
ions (minimal pH 4.0), the rate at which the tubules can excrete hydrogen is 
limited by the buffering capacity of the urine. The two main urinary buffers are 
ammonia, which is produced in the tubular cells, and phosphate (the chief con- 
stituent of urinary titratable acid), which is derived from the plasma. Approx- 
imately 30 to 50 mEq. of ammonia are normally produced each day, but this 
output can be increased as much as tenfold in acidosis. Since each milliequivalent 
of ammonia buffers one milliequivalent of hydrogen, the value of an unimpaired 
ammonia-producing mechanism in the defense against acidosis is obvious. Urinary 
phosphate, which normally accounts for 20 to 25 mEq. of hydrogen daily, rises 
only slightly in acidosis. 


It has long been known that ammonia excretion is impaired in renal fail- 
ure,?°-* but additional insight into the mechanisms of renal acidosis has recently 
been derived from studies of acidosis as it developed in subjects with uremia whose 
plasma bicarbonate concentration was temporarily elevated to normal by alkali 
administration.** In these patients, the basal excretion of ammonia and titratable 
acid was found to be abnormally low, and was inadequate to maintain hydrogen 
balance. Asa result acidosis developed, with the plasma bicarbonate falling rapidly 
during the first few days. Even under the stimulus of the falling bicarbonate and 
pH, ammonia excretion rose only slightly. On the other hand, there was a slow 
but progressive acidification of the urine to below pH 5.5, a point at which phos- 


*Once the hydrogen ions are buffered the residual phosphate, sulfate, and other anions do not 
influence either pH or bicarbonate concentration and play no direct role in acid-base regulation. 

tDepletion of bicarbonate stores also occurs occasionally as a consequence of urinary bicarbonate 
wasting, a defect which will be discussed later. 
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phate has been almost entirely titrated (phosphate pK’, 6.8) and titratable 
acid is therefore at a near-maximal value. Thus these patients, deprived of the 
more effective mechanism for hydrogen excretion (ammonium) but still capable 
of using the weaker mechanism (titratable acid) to the full, ultimately succeeded 
in stablizing their plasma bicarbonate at concentrations ranging from 14 to 20 
mEq. per liter. 

In a few patients, acidosis resulted not only from defects in ammonia excre- 
tion and a delay in urinary acidification, but as a direct consequence of the kid- 
ney’s inability to reabsorb filtered bicarbonate.*® In these patients, the tubular 
defect in bicarbonate transport reduced the renal threshold with the result that 
bicarbonate was lost in the urine in substantial quantities even when the plasma 
level fell as low as 15 to 20 mEq. per liter. In an occasional patient, this loss of 
bicarbonate was responsible for most of the fall in plasma concentration. 

Whether or not the stabilization of the plasma bicarbonate concentration 
in severe acidosis can be attributed solely to the modest increase in acid excretion 
is not clear, since it is possible that as blood pH falls there is a progressive reaction 
of acid with alkaline bone salts (tertiary phosphate and carbonate) which may 
contribute significantly to the disposal of the hydrogen load.”’ It is known that 
with chronic renal failure, particularly in childhood, demineralization of bone 
frequently occurs?’ and this observation is in accord with the view that bone may 
play an important role in the defense against acidosis. 

In view of the virtual unresponsiveness of the ammonia system, and the 
fact that titratable acid excretion is already maximal, it is not surprising that 
many subjects with uremia are unable to respond to an additional acid load 
with increased excretion of hydrogen. Because of this, the further reduction in 
plasma bicarbonate concentration which results from an additional load of 
acid may persist indefinitely.** This finding throws light on the clinical observation 
that acidosis may become progressively more severe even in a patient whose 
renal function, as measured by blood urea nitrogen, creatinine, or phenolsul- 
fonphthalein excretion, has shown no evidence of deterioration. Once a maximal 
rate of acid excretion is achieved, any intercurrent disturbance (such as starva- 
tion, ketosis, or fever) which increases the acid load can lead to a positive hydro- 
gen balance and more severe acidosis, although the severity of the renal disease 
is unchanged. Loss of bicarbonate as the result of diarrhea may similarly ag- 
gravate the acidosis since bicarbonate stores cannot be regenerated. 

Alkali therapy readily restores the plasma bicarbonate to normal, and 
the diseased kidneys will sometimes prove capable of maintaining it at a normal 
level when therapy is stopped, until a further intercurrent episode increases 
the acid load. Even if acidosis recurs when alkali is stopped, most of these pa- 
tients can be maintained at any selected level of plasma bicarbonate by continued 
therapy, since the dose can be adjusted to fill the gap between hydrogen produc- 
tion and hydrogen excretion. However, if the patient has a bicarbonate-wasting 
defect, any attempt to raise plasma bicarbonate above the reduced threshold 
will simply cause alkali to spill into the urine. 

In patients with mild degrees of acidosis, it is neither necessary nor desirable 
to administer alkali. Alkali ingestion sometimes causes nausea, vomiting, and 
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diarrhea, complications which may precipitate deterioration in a patient whose 
clinical state is precarious. Furthermore, in some patients elevation of plasma con- 
centration to near-normal levels leads to tetany, and for these reasons it is not 
usually desirable to administer alkali unless malaise, nausea, drowsiness, or dyspnea 
occurs. These symptoms are rarely seen until the plasma bicarbonate falls below 
15 mEq. per liter. 

In an occasional patient, the combination of severe acidosis and congestive 
heart failure may pose a therapeutic dilemma. If alkali is not given, the patient’s 
plasma bicarbonate concentration falls to low levels. When alkaline sodium salts 
are added to the therapeutic program, congestive heart failure with pulmonary 
edema may develop. In most instances, this problem can be circumvented by a 
program of rigid dietary salt restriction plus small doses of sodium bicarbonate 
or sodium citrate, but it will sometimes be necessary to accept a plasma bicar- 
bonate concentration of less than 15 mEq. per liter in order to avoid aggravating 


or precipitating congestive heart failure. 

As discussed in the section devoted to potassium disorders, alkali therapy 
is often a valuable and even lifesaving means of lowering an elevated serum 
potassium concentration in the subjects with acidosis. Even if plasma bicarbonate 


concentration is only slightly depressed, returning it to a more nearly normal 
value may produce a rapid and significant reduction in serum potassium con- 
centration. 

It has recently been pointed out that no fundamental distinction can be 
made between the acidosis of uremia and that seen in such tubular diseases 
as renal tubular acidosis and Fanconi’s syndrome.”® In the latter group, as in 
the former, there is deficient acid excretion and often a loss of bicarbonate in the 
urine.2°-8! There are, however, significant differences in the intimate nature of 
the renal tubular defects. In contrast to patients with uremia, those with primary 
tubular disease are unable to acidify their urine below a pH of approximately 
6.5. As a result, titratable acid excretion is low since the urinary buffers can be 
titrated to only a limited extent. Urinary ammonia excretion is normal relative to 
urine pH but in absolute terms is also low since failure of acidification limits the 
diffusion of ammonia into the filtrate. However, just as in individuals with uremia, 
maximal excretion of even these limited amounts of ammonia and titratable 
acid is achieved only after marked reduction in plasma bicarbonate concentration 
and pH, and only under these circumstances is a balance reached between acid 
production and acid excretion. Because of the defective urinary acidification, 
small amounts of bicarbonate are lost in the urine even in severe acidosis. In 
the subject with acidosis and primary tubular disease, just as in patients with 
uremia, an additional acid load will produce a further fall in bicarbonate for 
which no renal compensation is possible if acid excretion is already maximal.*® 

Since there initially is no appreciable reduction in glomerular filtration 
rate in patients with primary renal tubular disease, it is not surprising that the 
acidosis is unaccompanied by retention of ‘‘unmeasured anions.” Instead one 
finds an increase in the serum chloride concentration which, of course, is necessary 
to satisfy the demands of electroneutrality and isotonicity at the low plasma 
bicarbonate concentrations. Such a reciprocal relationship between chloride and 
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bicarbonate is well known to occur in respiratory acidosis and alkalosis, although 
the exact mechanism which governs this interrelationship has not been clearly 
defined. In some patients with degenerative renal disease, such as pyelonephritis, 
impairment of tubular function may be severe while there is relatively little 
reduction in glomerular filtration rate. There is in such patients a phase when 
serum bicarbonate concentration is low as the result of defective tubular acid 
secretion, but when at the same time serum chloride concentration is elevated 
to as much as 110 or 120 mEq. per liter.* As the disease process progresses and 
as glomerular filtration rate falls and blood urea nitrogen rises, there is a striking 
fall in plasma chloride concentration as the ‘‘unmeasured anions’’ increase. 
Such changes need not be accompanied by any significant alteration in the bi- 
carbonate concentration. The more or less reciprocal relationship between bi- 
carbonate concentration and ‘‘unmeasured anions’’ which is usually seen in 
patients with renal failure probably is fortuitous and results simply from the 
parallel progression of both the glomerular and tubular disease. It does not seem 
justified from either the theoretic point of view or on the basis of clinical ob- 
servation to attach any importance to the level of serum chloride or ‘‘ unmeasured 
anions”’ in renal acidosis. 


CALCIUM AND PHOSPHORUS 


Very little is known about the handling of calcium by the chronically diseased 
kidney, but there is evidence that the urinary calcium output is commonly 
diminished in renal failure®*:*4 whether the plasma calcium is normal or low. 
The low urinary output has been found to be associated with an excessive fecal 
output and often a negative calcium balance,®*:*4 and it has been suggested that 
this calcium loss in the stools may result from an acquired insensitivity to vitamin 
D. 34,35 

There is also some evidence that urinary phosphorus may be diminished and 
fecal phosphorus increased in renal failure.** Moreover, the renal phosphorus 
clearance becomes depressed as the condition advances, and consequently, even 
if a normal urinary phosphorus output is maintained, hyperphosphatemia de- 
velops. However, the serum phosphorus concentration does not usually rise above 
the normal range of 3 to 4 mg. per cent until glomerular filtration rate falls 
to a level of approximately 25 ml. per minute.*® With lesser reductions in filtra- 
tion rate the tubules, by rejecting larger than normal percentages of filtered 
phosphorus, stabilize the serum concentration within the normal range. By the 
time filtration is reduced to 25 ml. per minute, filtered phosphorus is being 
transferred to the urine almost quantitatively and any further fall in glomerular 
filtration rate produces a marked rise in serum phosphorus concentration. 

Hypocalcemia often appears in association with this hyperphosphatemia, 
and is generally assumed to be a direct result of it. Why the serum calcium 
sometimes remains at normal levels even when serum phosphorus concentration 
is elevated to 10 mg. per cent or more is not clear, although overactivity of the 
parathyroid glands may well play a role. It is, however, important to bear in 
mind that, while secondary hyperparathyroidism may have the effect of stabilizing 
the serum calcium at a normal level despite the presence of a high serum 
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phosphorus, there is no evidence that it ever induces hypercalcemia. If this did oc- 
cur, one would expect to observe hypercalcemia in an occasional patient whose 
serum calcium level was known to be normal prior to the development of uremia, 
but, to our knowledge, this sequence of events has never been adequately dem- 
onstrated. In the patient with azotemia and hypercalcemia it should therefore 
be assumed that the calcium abnormality was present initially and that the renal 
failure is a consequence. Every effort should then be made to establish an eti- 
ological diagnosis such as primary hyperparathyroidism, vitamin D intoxication, 
sarcoid, multiple myeloma, or metastatic bone disease, since correction of the 
hypercalcemia may improve renal function, or even restore it to normal.* 
Most patients with uremia and hypocalcemia do not develop tetany, a 
clinical observation which can be interpreted only after consideration of the 
various forms in which calcium exists in plasma. Approximately one-third of 
the calcium is bound to proteins and is nondiffusible.** The remaining fraction, 
which can be separated from the serum by means of ultrafiltration, consists of 
ionic calcium and a small quantity of calcium bound to anions such as citrate, 
sulfate, and phosphate. Ionic calcium is generally considered to be the physi- 
ologically active form,*® but since no practical method has been available for 
direct measurement of the ionic species ultrafiltrable calcium has been used 


commonly as a physiologic index. 
In the uremic patient with hypoproteinemia and a proportional degree of hy- 
pocalcemia, the absence of tetany is easy to understand since a reduction in the 


protein-bound fraction has no physiologic significance. However, even in pa- 
tients with uremia and a normal serum protein concentration, hypocalcemia 
is only rarely accompanied by tetany. This has been attributed to the protective 
effect of acidosis, which is said to offset the hypocalcemia by increasing the 
ionization of calcium. The appearance of tetany during intensive alkali therapy 
in the subject with uremia has, by the same reasoning, been attributed to a 
rise in blood pH and a consequent decrease in ionized calcium. This explanation 
seems improbable since for each 0.1 unit change in plasma pH there is a shift 
of only 1.5 or 2 per cent in the amount of calcium which is ultrafiltrable,*® and 
pH changes of more than 0.2 or 0.3 are unusual in the patient with uremia. 
Assuming that ultrafiltrability can be equated with ionization, such minor 
changes, not exceeding 5 per cent, would not be expected either to protect against 
tetany in the patient with acidosis or to induce tetany during alkali ingestion. 
Moreover, it has been observed that in normal subjects ultrafiltrable calcium is 
not significantly altered by a rise in pH sufficiently great to produce tetany.*° 
It is, of course, theoretically possible that changes in ultrafiltrable calcium, 
too small to be readily measured, may be responsible for tetany in both the 
normal and uremic subject. The fact that calcium administration prevents or 
stops alkali-induced tetany in the patient with uremia might seem to support 


*The clinical sign of band keratopathy, when present, strongly suggests the presence of hyper- 
calcemia,*®’ and will often make it possible to establish the cause of unexplained renal failure at the 
bedside. Moreover, it may persist when the serum calcium is no longer raised, and may thus provide 
an etiological clue even when renal failure has depressed the serum calcium level to normal or below. 
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this possibility, but may equally well be due to a direct pharmacologic action 
of the increased serum calcium. 

It has recently been proposed that tetany occurs infrequently in renal failure 
because the ultrafiltrable, and presumably the ionic, calcium remains normal 
irrespective of the level of total calcium.*! In most patients with hypocalcemic 
uremia 75 to 90 per cent of the calcium was found to be ultrafiltrable (values 
5 to 20 per cent higher than normal), and the absolute values for ultrafiltrable 
calcium were usually within the normal range (6.17 to 7.16 mg. per cent). Since 
the level of ultrafiltrable calcium could not be correlated directly with the serum 
protein concentrations, it was suggested that there is a specific alteration in the 
binding ability of plasma proteins in uremia. This attractive explanation for 
the absence of tetany would be valid only if ultrafiltrable calcium were a fair 
index of ionic calcium in the subject with azotemia.*! If, on the other hand, an 
abnormally large amount of calcium were complexed with ‘‘retained anions’’ 
such as phosphate and sulfate, and ionic calcium concentration were low, a 
normal ultrafiltrable calcium would have no physiologic significance.* That 
such may be the case is suggested by direct measurements which indicate that 
in subjects with uremia ionic calcium is significantly lower than normal (4.17 
vs. 5.69 mg. per cent), that it comprises a smaller than normal percentage of 
ultrafiltrable calcium, and that the amount of calcium bound to phosphate is 
significantly increased. Obviously this problem is in need of further study. 
At the moment there is no entirely satisfactory explanation for the benignity 
of hypocalcemia in patients with renal failure. 

It should be emphasized that neuromuscular disturbances unrelated to 
hypocalcemia are far more common in patients with uremia than are the mani- 
festations of tetany. Muscle cramps, twitching, and coarse jerking movements of 
the extremities often occur in patients entering the terminal phase of renal 
insufficiency. In some of these cases the serum calcium concentration is normal, 
and in most of the others, even when hypocalcemia is present, the administration 
of large amounts of calcium intravenously is ineffective in controlling the neuro- 
muscular disturbances. As discussed later, in an occasional instance hypomagne- 
semia may be responsible for neuromuscular irritability, but the cause in most 
patients is still obscure. 

Severe long-standing renal failure not infrequently leads to the develop- 
ment of bone disease, especially in children. The characteristic lesions seen on 
skeletal x-rays in children and adults are often called ‘‘renal osteitis fibrosa,”’ 
since they are indistinguishable from those of primary hyperparathyroidism. 
(The presence of calcification in vessels or other soft tissues may help in dif- 
ferentiating the two conditions, since it is common in renal osteitis fibrosa but 
rare in the primary condition.) Children also develop lesions in the epiphysis 
and shaft which are radiologically and histologically indistinguishable from those 
of nutritional rickets* 4° and these may coexist with the common lesions of 


*Studies on the frog heart indicate that calcium has no physiologic effect when electrostatically 
paired with anions such as sulfate, thiosulfate, or phosphate.*? These findings are in accord with the 
view that it is the ionic calcium per se which affects neuromuscular activity. 
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osteitis fibrosa. Although there is usually no radiologic evidence of osteomalacia 
(rickets) in adults with uremia, there is evidence from bone histology that 
osteomalacia does occur in approximately half such patients.**47 Recently it 
has been suggested that symptoms of generalized bone disease, and particularly 
pain, may occur in these individuals, and antemortem diagnoses have been 
supported by bone biopsy and by the finding of characteristic pseudofractures 
on x-rays.*4:548 Relief of pain and radiologic improvement have been reported 
following treatment with vitamin D and dihydrotachysterol (A.T.10), but it 
must be borne in mind that the administration of vitamin D steroids carries 
with it a significant risk of hypercalcemia, metastatic calcification, and further 
renal failure. 

Curiously enough, the bones may not only become demineralized but 
may also become excessively calcified and show patchy or even widespread 
areas of osteosclerosis.**:4°° Such lesions may even exist side by side with those 
of osteitis fibrosa. The exact mechanism involved in the production of these 
lesions is obscure. Secondary hyperparathyroidism, the disturbed relationship 
between calcium and phosphorus concentration, the diversion of phosphorus 
and calcium to the gut, and acidosis have all been invoked as possible etiological 
factors. 

Recently it has been demonstrated that an ultrafiltrate of serum from pa- 
tients with uremia is deficient in producing calcification in rachitic cartilage.®! 
In contrast to normal serum, which induces calcification when the product of the 
calcium and phosphorus concentrations (in milligrams per cent) is 34 or more, 


the serum of patients with chronic renal insufficiency does not produce calcifica- 
tion until the product is greater than 55. The defective calcifying ability of 
uremic serum is apparently not related to an elevated urea concentration, a 
reduced bicarbonate concentration, or any change in sodium and chloride levels, 
and the nature of the abnormality remains obscure.*! 


Therapy of disturbances in phosphorus and calcium metabolism is generally 
unsatisfactory. Administration of a low-phosphorus diet and 100 to 125 c.c. 
per day of an aluminum hydroxide gel will often lower the serum phosphorus 
concentration, but the aluminum hydroxide gel frequently produces anorexia 
and other gastrointestinal disturbances, side effects which may have serious 
consequences in the patient with uremia. While, theoretically, it would appear 
desirable to lower the serum phosphorus concentration, there is no evidence that 
hyperphosphatemia is responsible for uremic symptoms or that its correction 
produces clinical improvement. For these reasons, there is little justification for 
recommending such a regimen. Hypocalcemia does not usually cause symptoms, 
and there is no reason to attempt to elevate the serum concentration unless the 
patient develops tetany. 


MAGNESIUM 


Studies of magnesium have been retarded by the fact that the analytic 
methods are tedious and often inaccurate. Even now there is no agreement 
concerning the concentration of magnesium in normal serum, although the 
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mean value is known to lie between 1.5 and 2.5 mEq. per liter. This range en- 
compasses the means recorded by investigators using a variety of methods.*-® 
However, the most reliable values are probably those recently determined with 
the multichannel flame spectrometer. By this method the normal mean is 2.05 
mEq. per liter (range 1.75 to 2.56).°* Despite this uncertainty concerning the 
accuracy of the methods, there is little doubt that the serum concentration is 
elevated in the majority of patients with a severe degree of chronic renal in- 
sufficiency." In most subjects with uremia and hypermagnesemia, the con- 
centration is increased by only 0.5 to 1 mEq. per liter, but much higher values 
(up to 8 to 10 mEq. per liter) have occasionally been observed. These spon- 
taneous elevations of serum magnesium concentration are said not to occur with 
glomerular filtration rates above 30 c.c. per minute, but to occur consistently 
when filtration rate falls below this level. 

In the patient with renal failure and a normal or only slightly elevated 
serum magnesium concentration, severe hypermagnesemia with plasma levels of 
10 mEq. per liter or more will often be induced by administration of magnesium 
salts in amounts which cause only a slight rise in the serum concentration of 
normal subjects.” © These elevations are the result of impaired magnesium clear- 
ance and may persist for many hours or even days as the consequence of the slow 
renal excretion of the magnesium ion.” 

Hypermagnesemia is said to occur without exception in patients with 
oliguria due to acute renal failure.**7°5 In the majority the concentration rises 
only slightly, but increases of more than 1 mEq. per liter occur frequently. 
Serum !evels above 5 to 6 mEq. per liter have not been reported in this condition. 
It thus seems clear that moderate elevations of total serum magnesium con- 
centration are to be expected in both acute and chronic renal insufficiency if the 
disease is sufficiently severe. 

In order to assess the possible physiologic significance of these elevations, 
it should be recognized that in normal serum over the physiologic range of pH, 
approximately one-third of the magnesium is protein bound, a small quantity 
is complexed with multivalent anions, and somewhat less than two-thirds is 
ionized. ®:® Since only this last moiety is presumed to have physiologic signif- 
icance, any clinical interpretation based on total serum magnesium concentrations 
must be made with caution. These considerations are particularly pertinent in 
renal failure where large numbers of divalent anions are retained in the plasma 
and where an increased concentration of complexed magnesium might be ex- 
pected. Recent observations demonstrate that ultrafiltrable magnesium con- 
centration is, in fact, increased in patients with uremia®:®* and that the per- 
centage of ultrafiltrable magnesium which ts ionized is reduced from 73 to 57 


per cent by virtue of a rise in magnesium complexes.** However, there is in addi- 


tion a significant increase in the ionized concentration from a normal mean of 
0.70 to 1.20 mEq. per liter,®* indicating that elevations in total magnesium 
concentration in most subjects with azotemia may be taken as evidence for an 
increase in the physiologically active fraction. 

The clinical significance of these changes has not been adequately delineated, 
although there is some evidence that depression of the central nervous system 
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in uremia may be due to hypermagnesemia. This view is supported by the 
observations that marked elevation of serum magnesium concentration occurs 
only in patients with uremia and mental depression or stupor®® and that hyper- 
magnesemia induced by magnesium loads*:® is usually accompanied by clouding 
of consciousness, coma, loss of reflexes, or depression of respiration. These symp- 
toms and signs, all characteristic of experimental hypermagnesemia, can be 
reversed by hemodialysis and reduction of serum magnesium concentration, even 
when there are no significant changes in the other serum electrolytes.’ Elec- 
trocardiographic abnormalities in the patient with azotemia have also been 
reversed by selective reduction of serum magnesium concentration with hemo- 
dialysis.*7 However, since hyperkalemia and hypermagnesemia usually occur 
together in uremia and since the electrocardiographic changes induced by each 
are similar, it is usually difficult to separate their contribution to the electro- 
cardiographic abnormalities. In an occasional patient, a prolonged P-R interval, 
characteristic of hypermagnesemia, allows the differentiation to be made.*® 

Despite the evidence suggesting that hypermagnesemia is responsible for 
the cerebral changes in subjects with uremia, it is difficult to assign to magnesium 
a specific role in the uremic svndrome. With a sufficient reduction in glomerular 
filtration rate, elevations occur not only in serum magnesium but also in urea, 
phosphorus, sulfate, organic acid, and other solute concentrations, any of which 
may conceivably play a role in the central nervous system depression. Recently, 
for example, it has been shown that elevation of the blood urea concentration 
in dogs produces severe central nervous system disturbances including coma.* 
Furthermore, some patients with uremia and central nervous system depression 
do not have elevated serum magnesium concentrations,® although it has been 
suggested, on the basis of red blood cell analysis, that in these individuals in- 
tracellular magnesium concentration is elevated. Despite these reservations 
concerning the clinical significance of spontaneous hypermagnesemia, it seems 
reasonably certain that severe intoxication may result from magnesium admini- 
stration in the subject with azotemia. Magnesium-containing laxatives and 
antacids should be avoided, and, since other less toxic agents such as chloral 
hydrate and barbiturates are effective in the control of the twitching and con- 
vulsions of advanced uremia, the continued use of magnesium sulfate for this 
purpose is also unjustified. In patients with magnesium intoxication, both the 
neuromuscular and central nervous system disturbances may be treated rapidly 
and effectively by the intravenous administration of calcium salts. 

Low, as well as high, serum magnesium concentrations have been noted 
in a few patients with chronic renal failure. It is probable that in these subjects 
glomerular filtration rate was only moderately reduced (i.e., not to 30 c.c. per 
minute or below) and that hypomagnesemia was accounted for by a combination 
of factors including continued renal excretion, poor oral intake, and losses via 
the gastrointestinal tract due to vomiting or diarrhea. 


Hypomagnesemia has been observed frequently during the diuretic phase 
of acute renal insufficiency.’ The kidneys of such patients are known to be 
defective in the conservation of other ions such as sodium and potassium, and 


Nuaee ELECTROLYTE DISORDERS IN CHRONIC RENAL DISEASE 335 
tubular dysfunction is presumably responsible for the inadequate magnesium 
conservation as well. 

In most patients with hypomagnesemia, either due to renal disease or other 
causes, there is no clinical evidence of magnesium deficiency. However, in a 
few subjects with uremia and low serum magnesium concentrations, athetoid 
tremors, twitching, and generalized convulsions characteristic of experimental 
magnesium deficiency” have been observed, and the neuromuscular disturbance 
has been promptly controlled by administration of magnesium sulfate.” Recently 
true tetany has been noted in a few surgical patients with uncomplicated hypo- 
magnesemia, but whether tetany can occur in the patient with azotemia on this 
basis is not known.®* It should be emphasized, finally, that hypomagnesemia is 
usually not a factor in the twitching and convulsions characteristic of the uremic 
state. 


WATER INTOXICATION 


Although it is well recognized that the capacity for renal excretion of water 
may be impaired in patients with oliguric renal failure, only brief and occasional 
reference has been made to the fact that severe and even lethal water intoxica- 
tion may occur in the patient with azotemia without oliguria.®:7° 

This may be because the signs of severe water intoxication—irritability, 
drowsiness, psychotic episodes, convulsions, and coma—-are also features of 
uremia itself, so that the presence of water intoxication may easily be overlooked. 
When in addition there is no oliguria to draw attention to the positive water 
balance, the signs are especially likely to be attributed to uremia. 


Three cases have been reported®® in which severe symptoms of water in- 
toxication occurred as a result of drinking large amounts of water, while the 
daily urine volume was more than a liter. We have seen three similar patients, 
with blood urea nitrogen levels ranging from 50 to 150 mg. per cent, who de- 
veloped the condition when their fluid intake was moderately increased in an 
attempt to promote a greater output of urine. 


The first of these, a woman of 35 with diabetic nephropathy complicated by edema 
and pleural effusions, received only 1,500 to 2,500 ml. daily by mouth together with a 
low-salt diet. In a week, during which urine volume ranged from 900 to 1,500 ml. per 
day, weight rose from 105 to 112 pounds, serum sodium fell from 135 to 117 mEq. per 
liter, the edema and pleural fluid increased, and she became disoriented. 

The second, a man of 39 with chronic glomerulonephritis, was given extra fluid 
together with a rice diet. Over a period of 8 days combined oral and intravenous 
intake was between 2,800 and 4,300 ml. a day, and urinary output rose from 1,000 to 
2,800 ml. He developed no symptoms, but weight rose from 152 to 160 pounds and 
serum sodium fell from 136 to 120 mEq. per liter. 

The third patient was a woman of 26 suffering from disseminated lupus erythe- 
matosus with nephritis, pleural effusions, and edema. For 4 days, during which urine 
volume was between 1,000 and 1,500 ml., a high-fluid, low-salt oral regimen was 
supplemented by dextrose infusions averaging 1.5 L. daily. During this time weight 
rose from 130 pounds to 146 pounds and serum sodium fell from 144 to 118 mEq. per 
liter. Edema and pleural fluid increased and she became orthopneic. 
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None of these three patients was oliguric, yet their weight rose 10 to 16 
pounds and their plasma sodium fell from normal levels to values between 117 
and 120 mEq. per liter in a few days. In each of them, the net fluid balance and 
observed weight gain indicated that water retention had been sufficient to account 
entirely for the fall in serum sodium. Simple water restriction corrected the 
hyponatremia and reversed the weight gain. The changes in urinary output which 
occurred when the amount of water given was first increased and then restricted 
were relatively small, and they only appeared after a time lag of 1 to 2 days. 
This demonstrates how insensitive the chronically diseased kidney may be in 
response to changes in fluid intake. 

Water intoxication may also occur acutely as the result of ingestion of a 
large volume of fluid over a short period of time. Nausea, confusion, oliguria, 
and death have been reported in a patient with chronic renal failure who drank 
5 L. of water in 1 hour,?° and we have recently observed an example of severe 
water intoxication in a patient with pyelonephritis and a blood urea of 40 mg. 
per cent, who drank an estimated 10 to 12 glasses of water over a period of several 
hours in preparation for a urea clearance test. Shortly after consuming this volume 
of fluid, the patient developed nausea, vomiting, severe dyspnea, and mental 
confusion. A few hours later, she had a generalized convulsion and her blood 
pressure fell to 95/60 with marked tachycardia. The serum sodium level at that 
time was found to be 120 mEq. per liter and the patient was in extremis. After 
administration of hypertonic salt solution, there was a striking improvement in 
her clinical state, but the hypotension persisted for 3 days, during which the 
serum sodium was gradually restored to normal.* 

These observations emphasize the danger of urging a high water intake 
on patients with azotemia in an attempt to promote urea excretion. This treat- 
ment has little to recommend it since slight reductions in blood urea, even 
if they result, do not appear to have any beneficial clinical effect. The infu- 
sion of low-salt fluids, particularly after surgical operations, carries an even 
greater risk of inducing water intoxication, as it places the water intake entirely 
beyond the control of the thirst mechanism. 

Since patients with water intoxication have an excessive volume of body 
fluid, the most satisfactory form of therapy is water restriction. Administration 
of hypertonic salt solution is not advisable under most circumstances, since it 
causes rapid withdrawal of water from cells and further expansion of the already 
increased extracellular fluid volume. This may precipitate cardiac failure in 
patients with heart disease or in the elderly. If the situation is urgent and the 
patient is stuporous or having convulsions, then 5 per cent saline should be cau- 
tiously administered despite its hazards, and preparations made to deal with acute 
pulmonary edema, should it occur. 

It must be emphasized that most patients with hyponatremia are not suf- 
fering from water intoxication, but from sodium depletion. In this condition, 

*Water intoxication may also occur if a patient drinks a large amount of water shortly after the 
administration of Pitressin for the purpose of testing renal concentrating power. If concentrating power 


is poor, the hormone will fail to delay the excretion of the water; hence it is in the patient with good 
renal function that the danger is greatest. 
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which has been discussed in a previous section, there is a contracted extracellular 
volume and ordinarily some evidence of dehydration. Furthermore, the clinical 
picture is not primarily one of central nervous system disturbances, but rather 


of progressive azotemia and oliguria or of vascular collapse. It should, therefore, 


not be difficult to distinguish this disturbance from the syndrome of water 


intoxication. 
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a. are strong clinical and historical reasons why it is more difficult 
to give a neat and clear account of the symptomatology of disorders of 


body fluid than it is to do the same thing for, say, disorders of the lung. The 
i 


clinical reason is that body-fluid disorders are neither primary nor isolated, 
so that it is hard to apportion symptoms justly between the primary disorder 
and the secondary aberration of body fluid. Again, the body-fluid disturbance 
is itself usually quite complex, involving both the volume of body fluid and its 
chemical composition. The historical reasons are that we have derived many of 
our concepts from the study of experimentally induced pure syndromes, which 
have no exact clinical counterpart, and that in this field we get little help from 
that synthesis of morphology and function which is the basis both of our training 
and of our general outlook on symptomatology and on physical signs in particular. 
In giving an account of these matters, the need to be comprehensive is at direct 
variance with the need to be detailed; I shall try to reconcile these needs by 
giving first a general account of the usual presentation of a number of important 
syndromes and then an analysis of some of the symptoms and signs more com- 
monly met in disorders of body fluid. 

In dealing with the recognized syndromes of body-fluid disorder, I will 
confine my account as far as possible to what the patient can tell us and what 
we find on physical examination. This information is important, but in practice 
we always supplement it by our knowledge of the disorders likely to be associated 
with any given primary disease, by an insight into mechanisms derived largely 
from experimental studies, and by biochemical tests and observation of the 
effects of treatment. For these other methods of assessing disorders of body 
fluid, I refer the reader to general accounts of disturbed fluid balance, e.g., 
Marriott,'* Darrow and Pratt,® Elkinton and Danowski,’ Bland,? and Black.! 
The syndromes considered here are those of excess and depletion of water, sodium, 
and potassium, with acidosis and alkalosis; calcium and magnesium will not be 
included. 


ous SYMPTOMS AND SIGNS IN DISORDERS OF BODY FLUID 


WATER EXCESS 


This condition can arise only when the normal mechanism of disposing of 
a water load by water diuresis is in abeyance, due to acute renal failure or ex- 
cessive production of vasopressin. Now that limitation of water intake to around 
500 ml. per day is generally practiced in patients with acute renal failure, the 
commonest time for water intoxication to appear is in the first days after surgical 
operation, when there is an excess of vasopressin; there may also be some impair- 
ment of the renal circulation. The occurrence of water intoxication in this period 
has been well described by Zimmerman and Wangensteen*! and by Wynn and 
Rob.2° The symptoms are commonly those of disturbed thought and behavior, 
which may be followed by convulsions leading to a fatal coma if the condition 
is not recognized. Patients will not drink themselves into water intoxication, 
but they can sometimes be persuaded to drink more water than is good for them. 
More commonly, they are the victims of an excess of salt-free fluid given by vein 
or rectum. As might be expected, the circulation and the hydration of the tissues 
are at least normal. The full-blown picture of water intoxication should not 
present difficulty to anyone who considers the possibility, but patients have 
been described in whom general lethargy and apathy (with, sometimes, focal 
neurological signs, such as unequal pupils or increased reflexes) have arisen with 
excessive water loading and subsided when the water load was discontinued. 


WATER DEPLETION 


This condition arises clinically when water intake is interrupted by apathy 
or coma, while water output persists or is even increased by fever or by inability 
to concentrate the urine. A very similar syndrome can be induced when the 
amount of osmotically active particles in the body is increased, without a cor- 
responding increase in the water content of the body; this can happen when 
hypertonic saline is given or when a high-protein diet is given without sufficient 
water.’ If the patient is conscious and alert, he will complain of thirst; but this 
cannot be absolutely relied upon, since confusion may both precede and follow 
a deficit of water. The mouth and tongue are dry, but the circulation is well 
maintained in comparison to that of patients with a comparable degree of water 
deficit secondary to salt depletion.’ The urine volume is generally scanty, except 
of course in those patients in whom the urine is itself the main channel of abnormal 


water loss. 


SODIUM EXCESS 


No doubt a localized excess of sodium is present in everyone who becomes 
edematous from local inflammation or from varicose veins, but the term ‘‘sodium 
excess’’ is conventionally restricted to generalized sodium excess in which the 
mechanisms of sodium homeostasis break down, usually through disease of the 
heart, kidneys, or liver. For the most part, sodium excess of this type can be 
equated with generalized edema or with pulmonary edema, states whose clinical 
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features need scarcely be described here. The French school, notably Ambard, 
has placed emphasis on the retention of salt without a comparable amount of 


water: ‘‘la rétention chlorée, dite séche.’’ This concept has never become gen- 
erally established; but something very similar seems to happen in primary al- 
dosteronism,’® in which the action of a salt-retaining hormone leads to hyper- 
tension, associated with an increased concentration of plasma sodium, but not 


with edema. 


SODIUM DEPLETION 


The history may reveal an obvious cause of sodium depletion, such as vomit- 
ing or diarrhea, or it may suggest a less immediately obvious cause, such as the 
osmotic diuresis of precoma in diabetes or the defect of renal conservation of 
sodium in renal-tubular disease or Addison’s disease. Acute sodium depletion 
usually has an obvious cause, and it is characterized on examination by “‘clinical 
dehydration” (vide infra) and by evidence of circulatory insufficiency secondary 
to a low plasma volume (hypotension, a thready pulse, collapsed veins, and 
tachycardia). The diagnosis of sodium depletion which develops gradually and 
without obvious cause can be much more difficult. The sodium depletion of 
salt-losing nephritis or of Addison’s disease may first manifest itself in cramps, 
in fainting attacks secondary to postural hypotension, or in nothing more definite 
than general lethargy. It is of interest that pigmentation may be present not 
only in Addison's disease but also in salt wasting of primary renal origin. Chronic 
mild sodium depletion can lead to the tropical syndrome of ‘‘heat exhaustion.’’” 
Sodium depletion is commonly, but by no means necessarily, associated with low 
concentration of plasma sodium; conversely, hyponatremia can occur without 
an over-all sodium deficit, in association with water overload, with potassium 
depletion, or with chronic illness of many different types. This varied group of 
low-salt syndromes, reviewed by Danowski and associates,» has no common 
clinical pattern; the association with azotemia, and favorable response to hyper- 
tonic saline, described by Schroeder'*® is found only in a small minority of pa- 


tients with hyponatremia. 


POTASSIUM EXCESS 


It is doubtful whether the potassium content of the body can in fact be 
appreciably increased, the limiting factor being the high toxicity of increase 
in plasma concentration of potassium. The symptoms of “ potassium intoxication” 
are in fact those of hyperkalemia; they can occur even when the total amount 
of potassium in the body is diminished. The clinical effects of hyperkalemia 
include paresthesia (which may affect the scalp rather than the limbs); muscle 
weakness, which is infrequent, but may occasionally be extensive and ascending 
in pattern; and cardiac arrhythmia. It is important to note that fatal cardiac 
arrest is not necessarily preceded by any symptom or sign of cardiac damage, 
so that supervision of patients exposed to this risk must include serial biochemical 
and cardiographic observations. 
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POTASSIUM DEPLETION 

Here, too, a distinction has to be drawn between the effects of hypokalemia 
and those of an over-all deficit of body potassium. For example, in coma caused 
by diabetes the plasma potassium may be normal or even increased, although 
the patient has lost potassium from the body. When dehydration has been cor- 
rected and the glycogen stores replenished, the plasma potassium concentration 
falls, and symptoms related to this may appear for the first time. Conversely, 
in some forms of periodic paralysis, the plasma potassium falls in the absence 
of any loss of potassium from the body. Hypokalemia and over-all potassium 
depletion may also occur together, and a useful study in dissociating their effects 
has been carried out by observing the clinical effect of infusing amounts of 
potassium sufficient to correct the hypokalemia, but not to repair the total 
deficit of potassium in the body.!® 

Hypokalemia affects the function of cardiac, skeletal, and probably also 
smooth muscle. The effects on cardiac muscle include tachycardia, arrhythmia, 
and increased susceptibility to the action of digitalis. Hypotension has been 
observed, but it is not clear whether this is due to diminished cardiac output 
or to loss of arteriolar tone. Muscle weakness or paralysis, with loss of reflexes, 
is found in some patients with hypokalemia, but not in others with comparable 
levels of plasma potassium. Another symptom, associated with hypokalemia 
but inconstant and poorly correlated with the actual level of potassium, is 
tetany.’ Hypotonia of alimentary smooth muscle with abdominal distention 
has been corrected by quite small amounts of potassium and may therefore be 
related also to hypokalemia rather than to cellular deficit of potassium. 

Moderate potassium depletion, with deficits up to 350 mEq. or 10 per cent 
of the body potassium, is probably quite common in medical and surgical patients. 
I am not convinced that it causes any symptoms, not even the ‘‘malaise’’ so 
commonly attributed to it, unless it happens to be associated with hypokalemia 
when the cardiac and muscular effects of that state may appear. Severe potassium 
depletion is much rarer, but it is of great clinical interest as a state which may 
be difficult to diagnose, but which is usually susceptible to treatment with great 
benefit to the patient. It is caused by abnormal losses of potassium from the body 
either in the stools or in the urine. In the patients with abnormal fecal loss, 
there may be obvious disease such as steatorrhea, ulcerative colitis, or a mucosal 
polypoid tumor; on the other hand, the abuse of laxatives, though it may be 
unconfessed by the patient, can lead to gross potassium depletion.!? Abnormal 
urinary loss of potassium may arise from primary renal disease or from an al- 
dosterone-secreting tumor; the clinical picture of these two conditions may be 
identical, and even with full investigation the distinction may still depend on 
adrenal exploration. Because of the latency of the underlying disease in many 
patients with severe potassium depletion, their condition commonly remains 
undiagnosed for some time. The ultimate diagnosis rests on chemical investigation, 
but there may be clinical pointers which should direct attention to the possibility 
of severe potassium depletion. 

Hypokalemia is usually present in patients with chronic severe potassium 
depletion, and it may cause symptoms of the type already described. In addition, 
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cellular potassium deficit causes demonstrable histologic changes in striated 
vacuolar nephropathy.” 


4c 


and cardiac muscle and in the cells of the renal tubules— 
Renal function is altered, the main changes being a reversible fall in filtration 
rate, inability to form concentrated urine, and defective acidification of the urine. 
Clinically, these changes may be reflected in polyuria, nocturia, reversed diurnal 
rhythm, proteinuria, and the combination of systemic acidosis and an alkaline 
urine. Thirst is often prominent, and it may be in part the cause rather than an 
effect of the polyuria. Muscular aching and weakness, nausea, tiredness, wasting, 
abdominal distention, and edema are other findings frequent in these patients, 
but too nonspecific to be of much diagnostic value. 


ACIDOSIS 


Hyperpnea of the Kussmaul type is usually apparent in patients with acidosis 
of metabolic or renal origin; in patients with respiratory acidosis, the dyspnea 
of the primary disease obscures this aspect of the picture. Any form of acidosis 
of sufficient severity can lead to mental disturbance, stupor with jactitation, 
and finally coma; this sequence is most commonly seen in patients with em- 


physema and respiratory acidosis. The greater importance of acidosis than of 


anoxia in some of these patients becomes apparent when they are given oxygen, 
which corrects anoxia at the expense of underventilation and increased acidosis. 
That the acidosis, rather than the hypercapnia per se, is the cause of coma has 
been shown by the recovery of consciousness when sodium bicarbonate is given.'8 
Chronic acidosis of renal origin is often associated with bone pain on weight 
bearing and with tenderness on forearm pressure, but the role of the acidosis 
in producing osteomalacia is open to question, since other factors including hyper- 
parathyroidism and vitamin D resistance are also concerned in these patients. 


ALKALOSIS 


Respiratory alkalosis, induced by the hyperventilation of anxiety, by the 
stimulation of the respiratory center by salicylate, or by mechanical overventila- 
tion, can produce many bizarre groups of symptoms.'® The commonest symptom 
in the attacks due to anxiety, which constitutes the serious diagnostic problem, 
is a feeling of oppression in the chest (which sets off the attack); this is followed 
by paresthesia, by actual tetany, or by syncopal attacks which seem to occur 
in the apneic phase which follows hyperventilation. 

The acute metabolic alkalosis of pyloric obstruction is a complex disturbance 
in which sodium and potassium depletions are usually present in addition to 
the alkalosis itself. A more definite clinical picture is seen in the chronic metabolic 
alkalosis which can be induced by alkali ingestion.4 Anorexia, nausea, and painless 
vomiting are early symptoms, but the most characteristic change is in the mental 
state, which becomes confused, unreliable, and generally ‘‘difficult.’’ These 
disturbances may then be followed by drowsiness and actual coma. 

It will be apparent from the brief foregoing accounts of isolated disturbances 
that they may often occur together and also that some of their effects are some- 
what similar. The difficulties arising from the conjunction of syndromes are on 
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the whole greater in the acute disorders of body fluid, which are usually multiple. 
In the more chronic states, relatively pure deficiencies have, as it were, a chance 
to express themselves in isolation. This may affect not only clinical but even 
biochemical criteria of diagnosis. For example, in acute potassium depletion the 
plasma potassium level may be of little value due to concurrent acidosis or func- 
tional renal failure, but in chronic potassium depletion the finding of a low 
plasma potassium can usually be expected. 

It may also have been noted that some symptoms, such as thirst, are common 
to several disturbances. This applies also to biochemical findings—for example, 
an extracellular alkalosis may be present in alkalosis from overbreathing or 
from loss of gastric juice, but also in potassium depletion. There may be some 
advantage now in looking at one or two of the individual symptoms or signs of 
electrolyte disturbances; this, after all, is the way in which the patient sees his 


problem. 


MENTAL DISTURBANCE 


This is rather common in patients with disorders of body fluid, and it varies 
in degree from transient confusion to deep coma. Even if we exclude those pa- 
tients in whom dementia is a part of the primary disease process, unrelated to 
any secondary disorder of body fluid, there remain two mechanisms capable 
of producing dementia which should be distinguished from each other. In sodium 
depletion, and to a much less extent in water depletion, the cerebral disturbance, 
if present, is probably secondary to circulatory failure, which is a much more 


prominent aspect of the total clinical picture. On the other hand, in acidosis 
and alkalosis, and probably also in potassium depletion, there may be profound 
cerebral affection in the absence of any notable circulatory impairment. It is 
probably only in chronic alkalosis that the early clinical picture is completely 
dominated by disordered behavior; otherwise, mental disturbance is limited 


to severe and advanced disorders of body fluid. 


CIRCULATORY FAILURE 


We are not concerned here with the varied electrolyte distortions which 
can be caused by primary heart disease, but only with the circulatory effects of 
body-fluid disorders. The cardiac action itself is directly affected only by potassium 
depletion and, more dramatically still, by hyperkalemia; but sodium excess can 
simulate congestive heart failure, as in acute nephritis, while sodium depletion 
is an important cause of peripheral circulatory failure. This may be apparent 
as obvious shock, or it may only show itself as postural fainting. 


“CLINICAL DEHYDRATION” 


This term comprises a number of signs, all of which are based on a diminished 
amount of tissue fluid. The tension in the eye ball, the appearance of the tongue, 
and the behavior of a skin fold are usually examined. I have never been able to 
feel sure that intraocular tension, as assessed by me, is of any value. The tongue 
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should be palpated as well as inspected. In the absence of local causes of dryness, 
a dry tongue is a fair index of clinical dehydration. The skin fold should recoil as 
soon as it is released, but I have seen it do so in fat people who were definitely 
dehydrated, and conversely the skin fold may be ‘‘wrinkled” in patients with 
loss of flesh. In the absence of such complicating factors, an inelastic skin fold 
implies loss of fluid, and I believe loss of extracellular fluid, for I do not see how 
the intracellular gel can make much difference to the elasticity of a skin fold. 
The subcutaneous tissue (which is, of course, present in such a fold) is rich in 
sodium and so, presumably, in extracellular fluid; and I regard ‘‘clinical de- 
hydration,’ together with oligemia, as a cardinal sign of sodium depletion, 


rather than of primary water depletion. 


MUSCLE FUNCTION 


The commonest relevant cause of muscle paresis is hypokalemia. It may also 
occur in hyperkalemia, and in a few patients with periodic paralysis the attack 
has been associated with a rise, and not a fall, in the plasma potassium level. 
Tetany is seen in respiratory alkalosis, and latent tetany from hypocalcemia has 
been made overt by potassium replacement. Tetany has also been observed in 
potassium depletion without alkalosis or change in calcium levels. Tetany is 
not present in sodium or water depletion, but cramps occur in sodium depletion 
and in water intoxication. It is not known what electrolytic or other mechanism 
is responsible for the muscle twitching of the patient with clinical uremia; in 
fact, urea is just about the only stuff which can be exonerated.* 


THIRST AND POLYURIA 


These are clearly related symptoms, but their order of precedence constitutes 
a nice problem which has recently been reviewed by Fourman and Leeson.!® 


Thirst is prominent in water depletion and in severe potassium depletion. In the 


thirst of potassium depletion, possible mechanisms include the water-draining 
effect of the Pitressin-resistant polyuria, a primary effect on the thirst center, 


and a failure of production of ADH." 


CONCLUSIONS 


In concluding this review of symptoms and signs in disorders of body fluid, 
I would emphasize once again that their dissociation from the biochemical 
evidence is somewhat artificial and that all available information must be brought 
to the solution of these interesting problems. A purely clinical assessment of a 
patient would be less dangerous than a purely biochemical assessment, but the 
only acceptable approach is a synthesis of both assessments. 


*Even this limited pronouncement is questionable, on the basis of experimental work now pub- 
lished. At blood-urea levels comparable to those in clinical uremia and with precautions against over- 
hydration, increased electrical activity of the cerebral cortex has been observed in the cat (Stevenson 
et al.: Am. J. Physiol. 197:141, 1959). On the other hand, while fatal coma could be induced in dogs by 
urea infusion, muscle twitchings were not observed when hydration was controlled (Grollman and 
Grollman: J. Clin. Invest. 38:749, 1959). 
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